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ABSTRACT OF DISSERTATION 
 
 
REMODELING IN THE ACTIN CORE OF THE  
AUDITORY HAIR CELL STEREOCILIA AS A NOVEL COMPONENT OF  
TEMPORARY NOISE-INDUCED HEARING LOSS 
 
The rigid, paracrystalline actin core of auditory hair cell stereocilia is extremely 
stable and after initial formation must persist for the life of the cell to preserve hearing in 
mammals. In healthy hair cells, turnover of actin molecules occurs only in a small region 
near the tips of stereocilia, while the actin filaments of the shaft are stable. For decades 
damage to the actin core of stereocilia from acoustic trauma has only been attributed to 
cases of permanent noise-induced hearing loss. Here, we show that repairable actin core 
damage occurs in temporary noise-induced hearing loss from moderate acoustic trauma. 
We have found that moderate noise exposure causing a temporary hearing loss 
results in damage to the stereocilia actin core in the form of small, submicron breaks in 
the filamentous actin (F-actin) at the base of the stereocilia, and displacement of the 
stereocilia from its anchoring rootlet. The same damages were recapitulated in vitro after 
mechanical overstimulation of stereocilia bundles by fluid-jet. Despite the well-
established stable nature of the F-actin within stereocilia, 24 hours after the damage we 
observed complete repair of this damage in vitro and only partial repair in vivo, indicating 
slower in vivo recovery. The mechanism of this repair appears to involve actin 
remodeling in the upper portion of the rootlet located within the stereocilia shaft. 
Our results suggest that repairable damage to the F-actin at the base of stereocilia 
is a novel component of temporary noise-induced hearing loss. We believe that 
restoration of hearing thresholds after moderate noise exposure includes the repair of this 
damage. Although the exact mechanism of this repair is unknown, this is the first 
evidence for actin cytoskeleton repair in the stereocilia of auditory hair cells which have 
to maintain their structure and mechanosensitivity throughout the life of an organism. 
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stereocilia actin core repair, rootlets.  
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CHAPTER 1. INTRODUCTION TO HEARING AND HEARING LOSS 
1.1 Overview of Hearing 
Sound is the term we use for the interpretation by our brains of pressure waves in 
the air. As with the detection of any external stimuli, the stimulus must reach the receptive 
field of a receptor and be of sufficient magnitude to be transduced into an action potential. 
However, the magnitudes of these pressure waves are usually quite small and thus the 
mechanosensitive receptors detecting them must be extremely sensitive. Unfortunately, 
this incredible sensitivity means the receptors must be protected from a harsh external 
environment lest they overwhelm our somatic senses or become damaged. How do we 
protect these delicate receptors while simultaneously ensuring that these miniscule 
pressure waves reach them? Nature has provided a marvelous solution which possesses an 
elegant beauty on par with its complexity. 
1.1.1 Outer and middle ear 
The visible outer ear found on either side of the head consists of the auricle (or 
pinna), auditory canal and tympanic membrane (or eardrum) (Figure 1.1A). The auricle is 
composed of elastic cartilage covered by skin and serves to funnel sound pressure waves 
into the auditory canal where they travel about 2.5 cm through the temporal bone to 
impinge upon the tympanic membrane. The tympanic membrane is a thin (~0.1 mm) tissue 
separating the outer and middle ear (Van der Jeught et al., 2013).  
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Figure 1.1. Overview of the ear 
(Modified from Frolenkov et al, 2004). A, Diagram of the three regions of the ear 
with prominent features of each labeled. B, Cross-section of the cochlea (from red 
dashed line in A). C, Enlarged region of cochlear partition showing the three fluid-
filled scalae. 
Connected to the basal side of the tympanic membrane is the malleus, the 
largest of three bones located in the middle ear collectively termed the ossicles. The 
ossicles span the air-filled middle ear with the malleus articulating with the incus which 
articulates with the smallest bone in the body, the stapes. The base, or footplate, of the 
stapes rests against a membrane called the oval window which separates the middle and 
inner ear. This connection permits the transmission of pressure wave generated vibrations 
of the tympanic membrane though the ossicles in the middle ear to the inner ear where the 
sensory cells are located. Further, since the oval window is ~6x smaller than the tympanic 
membrane, the transmission of the vibrations amplifies the pressure (p=F/A) applied at the 
oval window which is essential to transition from the air-filled middle ear to the fluid-
filled inner ear (Mancheno et al., 2017). 
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1.1.2 Inner ear: cochlea 
Located within the densest bone in the body, the inner ear is composed of the 
vestibular labyrinth and the cochlea (Lam et al., 1999). Of these, the concho-spiral shaped 
cochlea is the structure containing the sensory epithelium involved in hearing. The human 
cochlea resembles a snail shell with the apex oriented anteriorly and is slightly smaller 
than a pea, measuring approximately 9 mm in the transverse plane and 7 mm in the sagittal 
plane (Pelliccia et al., 2014). A transverse cross-section through the cochlea (Figure 1.1B) 
reveals three chambers around a conically shaped bony structure in the middle termed the 
modiolus. The modiolus contains cochlear nerve neuronal soma and axons and it anchors 
the medial end of the basilar membrane at an insertion point termed the spiral limbus. The 
basilar membrane spans the width of the cochlear partition terminating at the spiral 
prominence which is its insertion point in the lateral wall. As its name suggests, the lateral 
wall is the outer edge of the cochlea and the otic capsule, its outer layer, is made up of 
bone. 
The three fluid-filled chambers of the cochlear partition revealed in transverse 
cross-section are termed the scala vestibuli, scala media and scala tympani (Figure 1.1C). 
The fluid found in the scalae vestibuli and tympani is termed perilymph and, similar to 
cerebrospinal fluid, has a high concentration of Na+. Meanwhile, the scala media contains 
the endolymph which is a K+-rich solution with an electrical potential of about +80 mV 
(Davis et al., 1957). The Reissner’s membrane, composed of a layer of epithelial and a 
layer of mesothelial cells separated by a basement membrane, separates the scala vestibuli 
from the scala media (Johnsson 1971). The scala tympani is separated from the scala media 
by the reticular lamina, a barrier formed by apical tight junctions between cells of the 
14 
 
sensory epithelium. The lateral wall’s inner layer, which spans the space between the spiral 
prominence and Reissner’s membrane, is the stria vascularis which has three layers of 
epithelial cells supported by a robust capillary bed. Together with the Reissner’s 
membrane, the stria vascularis creates and maintains the low [Na+] and high [K+] of the 
endolymph necessary for the positive extracellular potential, known as endocochlear 
potential. (Tasaki and Spyropoulos, 1959; Lee and Marcus, 2003). 
1.1.2.1 Organ of Corti 
Two types of sensory hair cells and over a half a dozen supporting cells make up the 
sensory epithelium resting atop the basilar membrane (Figure 1.2A). Collectively these 
cells make up the organ of Corti and, extending from the spiral limbus and covering much 
of their apical surface, is an extracellular matrix of collagens and noncollagenous 
glycoproteins called the tectorial membrane (Goodyear and Richardson, 2002). Although 
the distal end of the tectorial membrane rests upon the tallest mechanosensitive cellular 
projections on the apical surface of some of the sensory hair cells, it is only anchored at the 
medial region of the cochlea. Thus, despite being connected, the amplitude of sound 
induced vibrational movement of the tectorial membrane differs from that of the organ of 
Corti and creates a shearing force between them which deflects the aforementioned 
mechanosensitive cellular projections on the hair cells (Figure 1.2B) (Allen, 1980; Gavara 
et al., 2011). 
The cells of this epithelial tissue, as well as the acellular membranes which support 
its function, are consistently arranged along the length of the cochlea; however, their 
physical properties gradually change from the base to the apex of the cochlea. These 
gradual changes are essential to our ability to discriminate between different frequencies  
15 
 
 
Figure 1.2. Sensory cells of the organ of Corti 
(Modified from Frolenkov et al, 2004). A, Diagram of the organ of Corti highlighting 
the sensory structures required for mechanotransduction. B, Magnified view of inner 
and outer hair cells showing differences in structure and innervation. SGC: Spiral 
Ganglion Cells, LOC: Lateral Olivocochlear Cells, MOC: Medial Olivocochlear 
Cells. 
and are analogous to the strings of a harp where slight differences in adjacent strings permit 
the production of different notes. Similar to the arrangement of strings of a harp from 
higher to lower pitch notes, the acellular basilar membrane upon which the sensory 
epithelium rests is narrow and stiff at the base and increases in width and thickness, 
causing a decrease in stiffness, along its length to the apex of the cochlea (Olson et al., 
1991). As a consequence, the traveling waves generated by the vibrations of the stapes on 
the oval window at the base of the cochlea resonate in a frequency-specific (tonotopic) 
manner at unique locations along the length of the basilar membrane, a discovery for which 
Georg von Békésy won a Nobel Prize in 1951. The cellular receptors, which are a part of 
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the sensory epithelium resting on the basilar membrane, transduce the mechanically 
generated, sound-induced vibrations into action potentials in afferent neurons of the 
cochlear nerve by releasing neurotransmitter. 
1.1.2.2 Mechanoelectrical transduction in cochlear hair cells 
In mammals there are four rows of sensory hair cells running the length of the organ 
of Corti. The hair cells located in the row nearest the modiolus are termed the inner hair 
cells (IHC) and are morphologically distinct from the hair cells in the other rows which are 
termed outer hair cells (OHC) (Figure 1.2B and 1.3A). The moniker “hair cell” derives 
from the presence of stereocilia on the apical surface of the cells (Figure 1.3). The 
stereocilia are very precisely arranged into bundles, most often with three rows of 
stereocilia. Within a row the stereocilia are of equivalent height but they vary in height 
between rows. The rows are numbered starting with the tallest row, which is located 
laterally, and each successive row in the direction of the modiolus is shorter than the 
preceding one (Figure 1.3B). 
As previously described, oscillations in the basilar membrane create a shearing 
force on OHC stereocilia bundles by the connection of their tallest (1st) row stereocilia with 
the tectorial membrane (Figure 1.2B). The stereocilia bundles of IHCs, however, do not 
make contact with the tectorial membrane and are instead deflected by fluid flow from 
perturbation of the endolymph (Ciganovic et al, 2017). 
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Figure 1.3. View of the mechanosensory bundles on organ of Corti 
A, Scanning electron microscopy (SEM) image of IHC and OHC stereocilia bundles 
from a juvenile (postnatal day 4) mouse cochlear explant. B, Higher magnification 
image from the explant in A showing an IHC bundle with inset showing links 
between stereocilia including the tip-link associated with the MET channel. 
1.1.2.2.1 MECHANOELECTRICAL TRANSDUCTION 
The shorter stereocilia within a bundle possess a mechanoelectrical transduction 
(MET) channel at their tips and are referred to as transducing stereocilia (Beurg et al., 
2009). Associated with the MET channel is an extracellular proteinaceous connection, 
called a tip-link, which connects the top of the shorter stereocilia laterally to the side of an 
adjacent, taller stereocilia (Figure 1.3B inset and Figure 1.4A) (Pickles et al., 1984; 
Osborne et al., 1984; Assad et al., 1991; Pickles and Corey, 1992). Deflection of the bundle 
increases tension on tip-links, transmitting the force to the associated MET channels which 
are non-selective cation channels highly permeable to Ca2+ (Corey and Hudspeth, 1979; 
Lumpkin et al., 1997). There is a large chemiosmotic force for the influx of K+ and Ca2+ 
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through open MET channels of transducing stereocilia due to the negative intracellular 
potential of hair cells (approximately -50mV) and the positive extracellular potential of the 
endolymph (Ricci and Fettiplace, 1998). Thus, deflections of the bundle from sound 
induced vibrations cause depolarization of the hair cell (Figure 1.4) 
1.1.2.2.2 INNER HAIR CELLS 
The sensory cells which are primarily involved in afferent signaling are the IHCs. In order 
to fulfill this role, the IHCs possess ribbon synapses, a specialized type of neuronal synapse 
where the presynaptic cell has a unique structure called a synaptic ribbon which positions 
hundreds of synaptic vesicles in close proximity to the presynaptic membrane (reviewed 
in Nouvian et al., 2006). Depolarization of the IHC via bundle deflection causes Ca2+ influx 
through the activation of voltage-gated Ca2+ channels at the base of the IHC. Upon binding 
to otoferlin this entry of Ca2+ causes the release of the synaptic vesicles from the synaptic 
ribbon and exocytotic delivery of glutamate into the synaptic cleft (Ottersen et al., 1998; 
Ruel et al., 1999). The presence of thousands of synaptic vesicles in the IHCs permits high 
frequency neurotransmitter release to persist over long durations (Glowatzki and Fuchs, 
2002). 
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Figure 1.4 – Illustration of mechanoelectrical transduction in an IHC 
(Modified from Frolenkov et al., 2004). A, Unstimulated IHC and synapse with 
afferent Type I SGC, MET channels at tips of transducing stereocilia are closed. B, 
Deflection of the IHC stereocilia bundle increase tension at the tip-links and gates 
MET channels, depolarizing the cell and releasing glutamate at the synapse which 
excites the SGC. 
1.1.2.2.3 OUTER HAIR CELLS 
Although at casual inspection OHCs are morphologically similar to IHCs there are 
distinct differences which support their function as contractile cells. The maintenance of 
cell shape in OHCs resembles that of erythrocytes with an actin and spectrin mesh at the 
plasma membrane of the lateral wall instead of the central cytoskeleton found in the non-
contractile IHCs and most other cells (Holley and Ashmore, 1990; Byers and Branton, 
1985; Shen et al., 1986). Additionally, within the plasma membrane of the lateral wall is a 
protein with piezoelectric properties called prestin (Iwasa, 1993; Zheng et al., 2000, Dong 
et al., 2002; Dallos et al., 2008). Bundle deflections which depolarize the OHCs drive a 
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conformational change in prestin which causes a contraction of the cell while repolarization 
has the opposite effect (Brownell et al., 1985; Kachar et al., 1986; Ashmore, 1987). As a 
result of these voltage dependent changes in cell shape, termed electromotility, and the 
connection of the OHCs to the basilar membrane at their base and the reticular lamina at 
their apex, the OHCs serve as cochlear amplifiers by intensifying the sound-induced 
vibrations of the basilar membrane more than 100-fold (Dallos and Harris, 1978; Brown et 
al., 1983). This amplification is essential to overcome the attenuation of sound-induced 
vibrations in a viscous fluid and allows the IHCs to detect sounds of lower intensity. 
Indeed, the vast majority of clinical cases of hearing impairment worldwide are caused by 
a loss of cochlear amplification due to the malfunction, or loss, of OHCs. 
1.1.2.3 Differential innervation of IHCs and OHCs 
In addition to the morphological differences between the inner and outer hair cells 
their individual functions are further supported by their distinct innervation (Figure 1.2B). 
The afferent neurons which innervate the hair cells are located in the modiolus and are called 
spiral ganglion cells (SGC). The SGCs are a part of cranial nerve VIII, the vestibulocochlear 
nerve, and are present in two varieties: type I and type II. IHCs are innervated by type I 
SGCs which constitute 90-95% of all SGCs. These bipolar neurons are arranged so that each 
IHC is innervated by multiple type I SGCs (Liberman 1980; Liberman et al., 1990). In 
contrast, the type II SGCs are pseudounipolar neurons and are therefore able to synapse with 
multiple OHCs (Brown, 1987). There is speculation that these afferents act as cochlear 
nociceptors in response to noxious acoustic stimuli; however, there is still uncertainty 
regarding the function of the type II SGCs (Weisz et al., 2009). 
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The efferent nerves which innervate the cochlea are also present in two types: lateral 
olivocochlear (LOC) and medial olivocochlear (MOC). The cholinergic MOC neurons, with 
myelinated axons, synapse directly with numerous OHCs while the thin, unmyelinated 
axons of the LOC do not synapse directly with sensory cells but instead innervate the 
dendrites of type I SGCs (Figure 1.2B).  
The MOC may act as a protective reflex to protect against acoustic trauma. It has 
been demonstrated to inhibit cochlear amplification by signaling the OHCs through 
nicotinic acetylcholine receptors at the MOC synapse which leads to the activation of 
calcium sensitive potassium channels causing the OHC to hyperpolarize (Blanchet et al., 
1996, Dallos et al., 1997; Evans et al., 2000). Interestingly, the inhibition of cochlear 
amplification by the OHCs is not due to a loss of electromotility (Frolenkov et al, 2000) but 
rather due to an increase in OHC stiffness (Dallos et al., 1997) from alterations of the 
cytoskeleton (Matsumoto et al., 2010; Zhang et al., 2003; Kalinec et al., 2000) as a result of 
the increased intracellular [Ca2+] (Frolenkov et al., 2003).  Additionally, the MOC has been 
shown to improve auditory signal-to-noise ratios (Andéol et al., 2011; Liberman et al., 
1996) and a very interesting hypothesis suggests that this may be the true evolutionary 
origin of the MOC function and the protective effects are incidental (Smith and Keil, 2015). 
Studying the effects of the LOC has proved more difficult as electrical stimulation 
of their unmyelinated fibers also stimulate the MOC. Adding to the challenge are the 
multiple neurotransmitters in LOC neuronal processes: GABA, Dopamine, Enkephalin, 
CGRP, Dynorphin, and Acetylcholine in the axon terminals of LOC (Ruel et al., 2007; 
Eybalin and Pujol, 1984; Hoffman et al., 1985; Sliwinska-Kowalska et al., 1989) The 
combination of excitatory and inhibitory signaling molecules has been shown to both 
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potentiate and inhibit Type I SGC signaling (reviewed in Nouvian et al., 2015). This 
suggests a role in fine tuning the dynamic range of afferent signaling by IHCs through the 
alteration of Type I SGC excitability. An increased susceptibility to noise-induced trauma 
from selective lesioning of LOC fibers suggests that the LOC may also serve a protective 
role from acoustic insult (Darrow et al., 2007) 
1.2 Stereocilia 
Despite their name, stereocilia are actually modified microvilli and are filled with 
a core of densely packed actin filaments which give them rigidity (DeRosier et al., 1980). 
They are rod-like structures with a uniform diameter for most of their length. Stereocilia 
taper at their base where they protrude from the apical surface of the cell and bundle 
deflections cause the stereocilia to pivot at this point (Figure 1.4B) (Karavitaki and Corey, 
2010). In addition to the aforementioned tip-links, stereocilia within a bundle are connected 
to one another by three other types of links named for their location: top, side, and ankle. 
Compositionally each type of link is distinct, and they are not all present at all stages of 
development (reviewed in Richardson and Petit, 2020). The tip-link is a calcium sensitive, 
protein complex of two non-classical cadherins: cadherin-23 at the top and protocadherin-
15 at the bottom of the tip-link (Kazmierczak et al., 2007).  
1.2.1 Actin core 
The actin core contains thousands of highly crosslinked, parallel filaments running 
the length of the stereocilium and which are composed of equivalent amounts of two 
isoforms of actin: βcyto-actin and γcyto actin (Figure 1.5A) (Perrin et al., 2010). Multiple 
crosslinkers, each with their own geometry, cause the filamentous actin (F-actin) to be  
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Figure 1.5. F-actin within the stereocilia. 
A, Illustration of the crosslinked parallel actin filaments which make up the actin 
core of stereocilia. The ‘barbed’ ends of the F-actin are just under the plasma 
membrane at the tip of the stereocilia where turnover occurs. The main part of the 
stereocilia shaft is stable with remarkably little turnover of actin. B, Modified from 
Krey et al., 2016. Transverse section through a wild-type stereocilium showing 
tightly packed F-actin with a diagram illustrating how crosslinkers of different length 
generate a paracrystalline array. 
arranged in a paracrystalline array (Figure 1.5B) (Krey et al., 2016). F-actin is polarized 
and normally undergoes a process called treadmilling which is an equilibrium state 
whereby polymerization by the addition of actin monomers, typically occurring at the 
‘barbed’ end, occurs at an equal rate with depolymerization at the ‘pointed’ end (Fujiwara 
et al., 2002). By this mechanism stable length actin filaments can be maintained while 
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replacing older actin monomers with newer ones. In stereocilia, the F-actin is all oriented 
with the barbed ends at the top of the stereocilia and the pointed ends at the base (Flock 
and Cheung, 1977) but it is remarkably stable for most of its length and does not undergo 
treadmilling (Zhang et al., 2012; Narayanan et al., 2015; Drummond et al., 2015). 
 
1.2.1.1 Stability 
In mammals, hair cells are terminally differentiated cells which do not regenerate 
and, under healthy conditions, their stereocilia persist for the life of the animal. Despite 
conventional wisdom, and the evidence of treadmilling in other actin-based structures, the 
actin in a mature and fully grown stereocilia appears to turnover only at the tips. A number 
of studies have confirmed this observation through a variety of means including: multi-
isotope imaging mass spectrometry, the use of GFP-actin in photobleaching experiments, 
and isoform specific conditional excision of either βcyto or γcyto actin (Zhang et al., 2012; 
Narayanan et al., 2015; Drummond et al., 2015). These studies have demonstrated that little 
to no actin turnover occurs in stereocilia shafts even over time courses lasting several 
months (Figure 1.5A). In solution, actin depolymerization has been shown to be slowed by 
the presence of crosslinkers in a concentration dependent manner (Schmoller et al., 2011). 
Therefore, it may be that the dense network of crosslinkers in stereocilia, estimated to be 
present at every 10th actin subunit, is responsible for the extreme stability of these actin 
filaments (Shin et al., 2013). Interestingly, in contrast to the static actin filaments of the 
stereocilia shaft, the crosslinkers themselves appear to turnover in minutes for OHC 
stereocilia and hours for IHC stereocilia (Roy and Perrin, 2018). Additionally, some 
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stereocilia membrane proteins are also dynamic such as the plasma membrane Ca2+-
ATPase (PMCA2) which exhibits turnover in 5-7 hours (Grati et al., 2006). 
 
1.2.1.2 Turnover 
Experiments which demonstrated the remarkable stability of the majority of the 
actin in stereocilia also point to a dynamic environment of actin turnover at the tips of 
stereocilia (Figure 1.5A). This region of actin turnover is fairly uniform in size among the 
tallest row stereocilia but is much more variable, and often larger, in the transducing 
stereocilia (Narayanan et al., 2015). This leads one to wonder whether local changes in ion 
concentrations caused by the opening and closing of the MET channels at the tips of the 
transducing stereocilia are responsible for the observed actin turnover. Results from 
experiments in our lab which blocked the MET channels supports this hypothesis and raise 
interesting questions regarding the possibility that this represents a mechanism to maintain 
the sensitivity of, and even repair damage to, the MET machinery at the tips of these shorter 
stereocilia (Vélez-Ortega et al., 2017). 
1.2.2 Rootlets 
In addition to the crosslinked filaments of the actin core, another, distinctly 
arranged, collection of actin filaments called the rootlet is an integral component of 
stereocilia (Tilney et al., 1980). Unlike the well characterized rootlets of cilia, there is still 
much we do not know about the rootlets of stereocilia. The rootlet appears to anchor the 
stereocilia to the cuticular plate which is a large bowl-shaped region at the apex of hair 
cells composed of a mesh of actin filaments with no directionality (DeRosier and Tilney, 
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1989). The rootlet is present both in the center of the shaft of stereocilia and extending 
down into, and occasionally all the way through, the cuticular plate and the length of a 
rootlet is proportional to the height of its stereocilium (Figure 1.6A) (Furness et al., 2008).  
 
Figure 1.6. Illustration and micrograph of stereocilia rootlets 
A, Illustration of a stereocilia rootlet with localization of selected associated proteins. 
Inset (Modified from Itoh and Nakashima, 1980) shows micrograph of tightly packed 
actin filament organization from cuticular rootlet. Spectrin is present at the apex in a 
ring around the filaments of the cuticular rootlet. B, Micrograph of stereocilia from 
a cochlear explant cultured for 2 days from a P4 mouse showing a well-developed 
cuticular rootlet but no supracuticular rootlet. 
It is believed that the rootlet is the structure which permits the stereocilia to pivot 
at its base when deflected but the exact mechanism by which this occurs is unclear (Flock 
et al., 1977). F-actin within rootlets are spaced more closely than the F-actin making up the 
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rest of the stereocilia and this likely precludes the presence of any crosslinking proteins 
between filaments (Itoh and Nakashima, 1980). Instead, the F-actin of rootlets appear to 
be bundled together by a protein, TRIOBP, which seems to wrap around the bundle 
(Kitajiri et al., 2010). Without crosslinkers restricting movement it may be that the actin 
filaments within the rootlet have the ability to slide relative to one another like a bundle of 
sticks wrapped with twine (Tilney et al., 1983)..  
1.2.2.1 Cuticular rootlet 
The lower portion of the rootlet, located within the cuticular plate, is visible in mice 
within a few days after birth. The F-actin of cuticular rootlets are bundled by two isoforms 
of TRIOBP (TRIO and F-actin Bundling Protein): TRIOBP-4 and TRIOBP-5 (Kitajiri et 
al., 2010; Katsuno et al., 2019). Additionally, the actin crosslinker spectrin is found in a 
ring surrounding the cuticular rootlets of 1st and 2nd row stereocilia (Figure 1.6A inset) 
(Furness et al., 2008; Liu et al., 2019). Transmission electron microscopy (TEM) 
examination of the rootlet shows a narrow region between the densely packed F-actin of 
the rootlet and the actin mesh of the cuticular plate which is less dense than surrounding 
actin mesh (Furness et al., 2008). Small thin fibrils in this region appear to connect the F-
actin of the cuticular rootlet to the surrounding cuticular mesh (Arima et al., 1987; Itoh and 
Nakashima, 1980; Furness et al., 2008). It is not clear if these thin fibrils connect the F-
actin of the rootlet to the spectrin ring around them or if they are in fact spectrin. Pejvakin 
(PJVK), RIPOR2 and other unidentified proteins are associated with the cuticular rootlet, 
but their function is entirely unknown as of yet (Reviewed in Pacentine et al., 2020). 
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1.2.2.2 Supracuticular rootlet 
Although rootlets appear continuous along their length, there is evidence to suggest 
that the F-actin of the upper, or supracuticular, rootlet is separate from the F-actin of the 
cuticular rootlet. Other than actin, the only protein associated with the cuticular rootlet 
which is also present in the supracuticular rootlet past the taper region of the stereocilia is 
TRIOBP-4 (Figure 1.6A) (Kitajiri et al., 2010; Katsuno et al., 2019). The supracuticular 
rootlet also develops much later than the cuticular rootlet and even as late as P6 the 
supracuticular rootlet is not visible or is very short (Figure 1.6B). It appears that the 
supracuticular rootlet begins to develop at the base of the stereocilia, growing up into the 
shaft. Until the supracuticular rootlet forms, the actin core in the lower part of stereocilia 
is uniform in appearance. The supracuticular rootlet is fully formed by about P16 in mice 
and the results from the actin incorporation studies mentioned previously rule out the 
possibility of the polymerization of new F-actin to make the supracuticular rootlet; 
however, the mechanism by which the existing F-actin at the center of the actin core is 
recruited into the developing supracuticular rootlet is unknown. Interestingly, TRIOBP-4 
localizes to the shaft of stereocilia well before the supracuticular rootlet is actually visible 
(Katsuno et al, 2019). 
1.3 Hearing loss 
The ability to hear, while obviously not always a necessity, is nonetheless a strong 
evolutionary advantage. Interestingly, the ability to regenerate auditory hair cells, an 
ability shared by other members of the phylum Chordata, is a trick which mammals seem 
to have forgotten. Therefore, it is not terribly surprising that a lifetime of acquired injuries 
and acoustic insults universally lead to a decline in acuity with age. If anything, it is 
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actually more surprising that humans can continue to hear for more than a century without 
this regenerative capacity. 
1.3.1 Threshold shifts 
The scale used to quantitatively reference the intensity of a sound pressure level 
(SPL) is the decibel (dB) (Institute of Electrical Electronics Engineers, 1993). The decibel 
is a logarithmic scale with 0 dB SPL set at 20 µPa and every 20 dB representing a 10-fold 
increase in pressure (International Electrotechnical Commission, 1994-07). Although 0 dB 
SPL is commonly referred to as the human hearing threshold, our hearing sensitivity is 
frequency dependent and the actual threshold varies significantly within the human 
perceptual range of 20 to 20,000 Hz. Often, hearing loss is frequency specific and in age-
related hearing loss reduced sensitivity begins at the higher frequencies so reliably that it 
is nearly unheard of for even a young adult in their 20’s to be able to hear frequencies at 
20 kHz.  
Testing hearing thresholds in humans is usually relatively straightforward and 
involves the production of pure tones for a variety of frequencies and recording the 
minimum decibel level at which the subject reports being able to hear the sound. Studies 
of hearing thresholds in non-human animals requires a bit more work. The most common 
test used emulates the test described above but uses subcutaneous electrodes to measure 
sound evoked auditory brainstem responses (ABR). Frequency specific hearing thresholds 
are obtained by finding the lowest intensity tone which generates a characteristic electrical 
response. 
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1.3.1.1 Permanent v temporary hearing loss 
Some age-related hearing loss can be compensated for with the use of hearing aids; 
however, because we cannot regenerate our hair cells, it never recovers. Not all hearing 
loss is permanent though (Figure 1.7). Noise-induced hearing loss (NIHL) can either be 
temporary or permanent and the clinical distinction between the two is determined by 
whether or not elevated hearing thresholds return to a normal range within a 2-week 
timeframe. 
 
 
Figure 1.7. Example of auditory threshold shifts after noise exposure 
Immediately after acoustic trauma auditory thresholds are elevated (measured in 
decibels). If hearing returns to normal within 2 weeks, it is considered a temporary 
threshold shift (TTS). If, however, there is a persistent increase in the hearing 
threshold it is considered a permanent threshold shift (PTS). 
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1.3.2 Noise exposure 
How loud is too loud? The answer depends on the type of exposure and is often 
given in dBA, a weighted scale which focuses on frequencies in the middle range of human 
hearing. According to the National Institution for Occupational Safety and Health 
(NIOSH) division of the Centers for Disease Control (CDC), continuous exposure to 85 
dBA for 8 hours causes NIHL and is the recommended exposure limit. Hearing protection, 
or a reduction in the noise exposure, is recommended at or above this limit. Up to 
approximately 120 dBA, it is thought to be possible for exposure to more intense noise to 
be safe by reducing the exposure time with an exchange rate of 3-dBA. This means 
reducing the exposure time in half for each increase of 3 dBA in noise intensity: 4 hours 
for 88 dBA, 2 hours for 91 dBA, etc. However, research in the past decade has uncovered 
a permanent component to “temporary” hearing loss, which will be discussed in more 
detail in section 1.3.4.2. This finding suggests that these guidelines may be based on 
erroneous assumptions which need to be reexamined (Kujawa and Liberman 2009). 
The prevalence, and disabling effects, of hearing loss makes it an obvious area of 
interest for study. Numerous population studies have examined trends in NIHL among 
workers in various industries, soldiers, the elderly, and other groups. Research studies have 
sought to elucidate the anatomical and physiological consequences of noise exposure in 
hopes that a better understanding may lead to the development of therapeutic options to 
restore lost hearing or prevent damage from becoming permanent. Unfortunately, the 
degree of variability between studies in terms of the age and species of animal model used 
as well as the frequency range, intensity, and duration of the noise exposure is such that 
direct comparisons between studies is difficult. Instead, the results of the studies must be 
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examined for similarities and differences in temporary NIHL and permanent NIHL based 
on the location, extent and type of damage done. 
1.3.3 Outer and middle ear pathologies 
The exposure to moderately loud noises for extended durations can cause NIHL but 
does not damage the outer or middle ear. However, intense impulse, or blast, exposure can 
rupture the tympanic membrane and dislocate, or even break, the ossicles of the middle 
ear (Roberto et al., 1989). This type of injury is common among soldiers exposed to 
shockwaves from explosions or from firing their own weapons without proper ear 
protection (Breuck et al., 2014; Weyer et al., 2011). Depending on the severity of the 
damage, this type of injury may heal on its own with minimal medical treatment or require 
surgical intervention (Sridhara et al., 2013). Generally, this type of hearing loss is at least 
partially recoverable, especially if the damage is confined to the outer and middle ear 
structures. 
1.3.4 Inner ear pathologies 
Impulse noise exposure of 120 dBA or higher can damage the inner ear as well and 
in extreme cases entire sections of the organ of Corti can be detached from the basilar 
membrane (Roberto et al., 1989). However, for the vast majority of people this type of 
exposure is fairly rare. Instead, a more insidious culprit is to blame: long term exposure to 
moderate noise. Many common activities far exceed 85 dBA including: using a hair dryer, 
highway driving with the windows down, riding the subway, attending a concert, going 
out to the movies, and listening to headphones. These types of exposure are insidious 
because they are ubiquitous, culturally normative, and often are not perceived as painful 
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or even uncomfortable despite their damaging effects. Considering the words of the 
researcher A. James Hudspeth in an article published in November of 1985 in the journal 
Science, “With over a million essential moving parts, the auditory receptor organ, or 
cochlea, is the most complex mechanical apparatus in the human body,” it is hardly 
surprising that damage to this exquisitely sensitive machinery takes a variety of forms 
(Hudspeth, 1985). 
1.3.4.1 Metabolic effects 
An interesting consequence of the extreme sensitivity of hair cells to vibration is 
that their environment is hypoxic relative to other tissues in the body (Kawakami et al., 
1991). Capillaries and other blood vessels must be kept at a distance from the hair cells to 
prevent vibrations from the movement of blood gating the MET channels of the 
transducing stereocilia and depolarizing the hair cells (Axelsson et al., 1990; Nakashima 
et al., 1991). The cells of the organ of Corti are well adapted to this environment and under 
normal conditions it is not a problem. Acoustic trauma, however, causes a transient 
reduction in cochlear blood flow and which decreases the partial pressure of oxygen in the 
cochlea (Shin et al., 2019; Misrahy et al., 1958b). As a result of noise-induced hypoxia, 
neuronal signaling is reduced and normal cochlear metabolism is disrupted reducing 
sensitivity and elevating hearing thresholds (Misrahy et al., 1958a). As described below, 
acoustic trauma generates other pathological conditions within the inner ear, and it is 
unclear to what extent each pathology contributes to NIHL. However, increasing cochlear 
hypoxia without acoustic trauma, by reducing cochlear blood flow, also causes temporary 
threshold shifts (Misrahy et al., 1958a; Attias et al., 1990). The mechanism(s) by which 
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these metabolic disruptions affect hearing thresholds is debated and most likely 
multifactorial, but increased glutamate metabolism and elevated levels of reactive oxygen  
species (ROS) are prime suspects (Ji et al., 2019; Yamane et al, 1995). While the reduced 
cochlear blood flow from noise exposure is transient, the metabolic effects may lead to 
permanent damage depending on the intensity and duration of exposure. 
1.3.4.2 Excitotoxicity 
Excitotoxicity is a pathological phenomenon by which neurons are damaged by 
excessive postsynaptic activation by an excitatory neurotransmitter, glutamate in the inner 
ear. The ribbon synapses of IHCs which are essential for sustained neurotransmitter release 
at a high frequency also make their associated afferent neurons susceptible to 
excitotoxicity (Otterson et al., 1998; Glowatzki and Fuchs, 2002). Type I SGCs possess 
both non-selective cation ionotropic (AMPA, Kainate and NMDA) and metabotropic 
glutamate receptors (reviewed in Puel, 1995) In addition to the apparent neuroprotective 
effects of LOC innervation of the SGC dendrite, the presence of certain types of 
metabotropic glutamate receptors may help protect against excitotoxicity, although not all 
studies agree (Friedman, et al., 2009; Puel et al., 1995; Peng et al., 2004). Despite this, 
sustained excitation of the ionotropic glutamate receptors during noise exposure allows 
the entry of Na+ from the perilymph into the dendrite of the type I SGC which results in 
an increase in osmotic pressure causing swelling which can eventually rupture the cell 
membrane (Robertson, 1983; Spoendlin, 1971). Although this swelling at the terminals of 
SGCs following even mild acoustic trauma with temporary threshold shifts (TTS) has been 
recognized for nearly 50 years, in the last decade studies have shown that this damage is 
permanent and increases prevalence of age-related hearing loss (Kujawa and Liberman, 
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2006). The swollen terminals retract and the SGC eventually dies (Kujawa and Liberman, 
2009). Hearing thresholds measured by ABR are normal because each IHC synapses with 
multiple type I SGCs and not all of them become swollen (Furman et al., 2013). Although 
hearing thresholds are restored, the quality of the perceived sound, and the signal-to-noise 
ratio, are reduced in a phenomenon labeled “hidden hearing loss” (Schaette and McAlpine, 
2011). 
1.3.4.3 Cell death 
Overstimulation from noise exposure can be damaging to the hair cells as well and 
HC death is often a prominent feature in instances of NIHL with permanent threshold shifts 
(PTS), especially among the OHCs (Wang et al., 2002; Hu et al., 2002; Wei-ju et al., 2010). 
Ischemia from noise-induced reductions in cochlear blood flow increases ROS production 
from oxidatively stressed mitochondria in cells with high energy demands like OHCs 
(Yamane et al., 1995; Ohlemiller et al., 1999). Additionally, noise exposure leads to an 
increase in intracellular [Ca2+] in OHCs through prolonged activation of MET channels 
(Fettiplace and Nam, 2019; Szűcs et al., 2006) and possibly from the release of Ca2+ from 
subsurface cisternae (Sziklai et al., 2001; Lioudyno et al., 2004). Elevated intracellular 
[Ca2+] in OHCs becomes sequestered in the mitochondria which also causes an increase in 
ROS production (Fettiplace and Nam, 2019). ROS induced mitochondrial permeability 
transition contributes to cell death from both necrosis and apoptosis (Hunter et al., 1976; 
reviewed in Crompton, 1999). In these cases of OHC loss after noise exposure the patient 
can still hear but, without the cochlear amplification provided by OHCs, their hearing 
threshold for the resonant frequencies of those missing OHCs will be elevated by about 40 
dB (Dallos and Harris, 1978). 
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1.3.4.4 Stereocilia bundle damage 
As the mechanosensitive apparatus of hair cells, the presence of stereocilia on the 
apical surface of a hair cell is as important to hearing as the presence of the hair cell itself. 
This has led to a great deal of interest in the effects of noise exposure on stereocilia and 
studies have been conducted in several different animal models. In addition to in vivo 
experiments of noise exposure, in vitro experiments have been carried out observing the 
effects of mechanical overstimulation on hair cell bundles in tissue explants. As with the 
variability found in noise exposure experiments, the in vitro studies vary in terms of the 
species of animal used, age at time of excision, time in culture, type of hair cell, and 
location of hair cell within the tissue as well as the type of stimulus used, its intensity and 
duration.  
Due to their association with the MET channels at the tips of transducing 
stereocilia, tip-links are an integral part of the proper functioning of hair cells (Figure 1.4) 
(Pickles et al., 1984; Beurg et al., 2009). Damaging noise exposure can break tip-links in 
vivo (Pickles et al., 1987; Kurian et al., 2003; Husbands et al., 1999) In vitro tip-links can 
be ablated through the use of a calcium chelator such as BAPTA which eliminates 
mechanotransduction in affected hair cells (Assad et al., 1991) However, even in mammals 
tip-links regenerate and restore mechanoelectrical transduction within hours of being 
broken (Zhao et al, 1996; Indzhykulian et al., 2013). Despite their fragile appearance and 
calcium dependence, tip-links appear to be fairly resilient structures and are generally only 
mechanically broken when the stimulation has been sufficient to disrupt bundle 
morphology by breaking the other links connecting stereocilia (Clark and Pickles, 1996). 
Bundle dysmorphia following noise exposure causing both TTS and PTS has been well 
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characterized by scanning electron microscopy (SEM) and light microscopy (Liberman 
and Beil, 1979; Nikaido, 1992; Wang et al., 2011). Additionally, reversible changes in 
bundle stiffness without any apparent change in bundle morphology have been observed 
after mechanical overstimulation in vitro (Duncan and Saunders, 2000; Saunders and 
Flock, 1986). This generated much speculation regarding the possibility of damage to the 
underlying actin core of stereocilia which requires different imaging techniques to explore. 
Examination of the actin core by fluorescent imaging of rhodamine-conjugated 
phalloidin, which preferentially binds to F-actin, has found areas of reduced fluorescent 
signal termed “gaps” in the stereocilia of guinea pigs exposed to severe acoustic trauma 
(Avinash et al., 1993). In another study with similar noise exposure, antibody staining 
revealed the accumulation of globular monomeric actin (G-actin), the actin crosslinker 
espin, and the F-actin severing protein cofilin in these phalloidin-less “gaps” which 
presumably lack F-actin (Belyantseva et al., 2009). Despite the compelling nature of this 
data, visualization of these gaps through fluorescent microscopy only provides tantalizing 
suggestions of the ultrastructure of the actin core of these stereocilia following acoustic 
trauma. 
Examination of the F-actin within stereocilia by TEM imaging of ultrathin sections 
is able to reveal a more complete picture of the effects of noise exposure. In rabbit and cat 
models of PTS, months after the noise exposure, TEM micrographs of longitudinal 
sections, as well as serial reconstruction of transverse sections, though hair cells and their 
stereocilia reveal large regions of depolymerized actin, stereocilia displaced from their 
rootlets and broken at the base, lying on the cuticular plate (Figure 1.8A) (Engström et al., 
1983; Liberman, 1987). Similar pathologies were found in alligator lizard cochlea  
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Figure 1.8. TEM images of damage to the actin core of stereocilia from acoustic 
trauma. 
A, Damage to the stereocilia ultrastructure from intense noise exposure causing PTS. 
Left: (modified from Engström et al., 1983) Displaced OHC stereocilium with 
fractured rootlet (arrows) from rabbit. Right: (modified from Liberman, 1987) 
Regions of F-actin depolymerization (arrows) in an IHC stereocilium from cat. B, 
Damage to the stereocilia ultrastructure from moderate noise exposure causing TTS. 
(Modified from Liberman and Dodds, 1987) Illustration of a stereocilium with a 
shortened supracuticular rootlet reconstructed from transverse serial sections. 
immediately after noise exposure which would have caused PTS in a mammalian species 
and also showed disorganized F-actin suggesting a loss of crosslinks in the actin core 
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(Tilney et al., 1982). The only other study examining the F-actin ultrastructure within 
damaged stereocilia was a TTS experiment which looked at serial reconstruction of 
transverse sections and found no abnormalities except for a slight decrease in the height 
of the supracuticular rootlet in the stereocilia of noise exposed cats (Figure 1.8B) 
(Liberman and Dodds, 1987). 
 
1.4 Research hypothesis 
This project began when I examined resin embedded tissue samples from in vitro 
overstimulation experiments carried out in mice by Dr. Ruben Stepanyan during his 
postdoctoral work in the lab. I quickly discovered stereocilia with large gaps in the actin 
core which bore a resemblance to the gaps in phalloidin staining seen in the stereocilia of 
noise exposed guinea pigs (Figure 1.9) (Belyantseva et al., 2009).  
A supposition of that paper was that γcyto-actin, although not required for stereocilia 
development, is an essential component of stereocilia F-actin repair. In vitro work with 
guinea pig and chick hair cells using a fluid-jet to deliver damaging stimulation resulted in 
a decrease in bundle stiffness which was recoverable. This led us to wonder if there was a 
connection between these gaps and reversible changes in bundle stiffness. We hypothesized 
that mechanical and acoustical overstimulation generates repairable breaks in an 
otherwise stable actin core. 
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Figure 1.9. Gaps in the F-actin of overstimulated stereocilia. 
A, (modified from Belyantseva et al., 2009) Gaps in the phalloidin staining of F-actin 
in guinea pig IHCs after intense noise exposure. B, TEM micrograph of gaps in the 
F-actin of a mouse stereocilium mechanically overstimulated in vitro. 
Overstimulation experiment was conducted by Dr. Ruben Stepanyan. Scale bar is 
500 nm. 
First, we confirmed that we could use a fluid-jet to generate a repairable decrease in 
bundle stiffness in cultured explants. Second, we sought to confirm that breaks in the actin 
core from fluid-jet overstimulation were the cause of the decrease in bundle stiffness and 
that the breaks could be repaired. Finally, we attempted to demonstrate a translational 
connection between these repairable breaks found in vitro and temporary noise-induced 
hearing loss. 
Chapter 2 outlines the materials and methods utilized in this study. Chapter 3 presents 
the experimental results and analysis. Lastly, a discussion of the results and future 
directions for other researchers is set forth in Chapter 4.  
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CHAPTER 2. MATERIALS AND METHODS 
2.1 Organ of Corti explants 
Cochlear explants were used to examine the effects of fluid-jet overstimulation on 
stereocilia ultrastructure. Due to the need to study changes in the stereocilia 24 hours after 
fluid-jet overstimulation cultured explants were utilized for the in vitro experiments. 
Unfortunately, hair cell viability is too brief in organ of Corti explants to use older pups 
and so explants were isolated at postnatal days 3 (P3) through P5 from male and female 
CD1 wild-type mice (Charles River Laboratories, Wilmington, MA) and Sprague-Dewley 
rats (RRID:RGD_734476, Charles River Laboratories). All animal procedures were 
approved by the University of Kentucky Institutional Animal Care and Use Committee 
(protocol # 903M2005). 
2.1.1 Dissection 
Pups were decapitated after several minutes of anesthesia in a cold box and the 
scalp was removed. The skull and brain were transected along the midsagittal plane and 
then again along a coronal plane immediately posterior to the eyes yielding two halves. 
Subsequent microdissection with forceps was carried out in a plastic Petri dish containing 
refrigerated Leibovitz’s L-15 medium (Gibco). The temporal bones were uncovered in 
each half by excising the brain and meninges from the skull and then the developing bony 
labyrinth was removed to fresh L-15 medium in a separate Petri dish. The cochlear duct 
was exposed by removing the incompletely ossified otic capsule and then, holding the basal 
turn with the forceps, it was pulled in one smooth motion from the modiolus. Conveniently 
at this age, holding the basal turn at the spiral limbus and pulling away the stria vascularis 
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in a single smooth motion exposes the organ of Corti by tearing away at the spiral 
prominence and also removing the Reissner’s membrane. 
2.1.2 Tissue culture 
For imaging purposes explants were cultured in glass-bottom Petri dishes (MatTek 
Corporation) using a culture medium of Dulbecco’s Modified Eagle’s Medium (DMEM) 
(Gibco) with 7% fetal bovine serum (FBS) (Atlanta Biologicals) and 10 µg/mL ampicillin 
(Calbiochem). The explant was transferred from the L-15 medium by use of a glass pipette. 
A light positive pressure was applied to the pipetteman during transfer so that the surface 
tension of the medium held the explant at the very tip of the pipette. Touching the tip of 
the pipette to a small (200 µL) bubble of culture medium on the glass-bottom Petri dish 
expelled the explant with minimal transfer of L-15. The explant was then centered in the 
dish and uncoiled as much as possible. In order to aid adherence, the scant volume of 
culture media was carefully spread to the edge of the glass-bottom keeping the explant in 
place by the surface tension of the media. To minimize evaporation of the small volume of 
media the dish was sealed with Parafilm® M (Bemis Company, Inc.). Dishes were placed 
in an incubator at 37°C and 5% CO2 for approximately 12 hours to allow attachment of the 
explant (Figure 2.1). At this point an additional 2 mL of fresh culture media was added to 
the dish and the explants were returned to the incubator without Parafilm for 1-2 days. 
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Figure 2.1. Image of a cochlear explant 
Cochlear explant from a P3 mouse. Arrows indicate where OHCs have been been 
removed by suction through a micro pipette. This served to demarcate the 
experimental region, where IHC stereocilia bundles would be overstimulated. Hair 
cells outside the experimental region, as well as OHCs within the region, served as 
unstimulated controls. 
2.2 In vitro overstimulation 
Tissue cultures were removed from the incubator and the tectorial membrane was 
painstakingly removed. In order to provide optimal imaging conditions, the culture medium 
was replaced with clear L-15 medium at 37°C prior to viewing under the microscope. 
2.2.1 Light microscope set up 
Imaging was carried out at room temperature (RT) using an upright Nikon 
microscope with a 60x Olympus water-immersion objective (1.0 NA, 2.0 mm working 
distance). The microscope was equipped with DIC and 1.6x secondary magnification lens. 
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2.2.2 Micro pipettes 
10 cm long borosilicate glass capillaries (World Precision Instruments) were placed 
into a P-2000 infrared laser puller to make micro pipettes. Pipettes with a small diameter 
(~ 4-6 µm) were used for fluid-jet stimulation of hair cell bundles. Larger diameter pipettes 
(~ 8-10 µm) were used as suction pipettes to remove detritus from the surface of stereocilia 
bundles, to remove individual cells and to clear blockages in the fluid-jet pipette during the 
procedure. 
2.2.3 Demarcation of experimental area 
Once the area of interest was located and optics were adjusted to optimal resolution, 
a region of ~ 20 IHCs was selected as the experimental region. In order to locate this region 
for later imaging the experimental region was demarcated by using the larger diameter 
suction micro pipette to remove a group of OHCs and supporting cells on either side of the 
experimental region (Figure 2.1 and Figure 3.2a). Subsequently the suction pipette was 
used to clear any extracellular debris very gently from the surface of the IHC stereocilia 
bundles in both the experimental region and from several IHCs in the control region on 
either side. This also served as a control against preservation artefact and ensured that 
damage to the IHC stereocilia in the experimental region could be attributed solely to the 
fluid-jet overstimulation. 
2.2.4 Fluid-jet stimulation 
Fluid-jet stimulation was delivered to each IHC stereocilia bundle in the 
experimental area using the smaller diameter pulled micro pipettes filled with the L-15 
medium bath solution. A High-Speed Pressure Clamp (HSPC-1, ALA Scientific) was used 
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to generate pressure at the back of the micro pipette. The pipette was oriented over the 
modiolus with the tip of the pipette centered 4-6 µm from the 1st row stereocilium at the 
bundle vertex. In this position, positive pressure applied through the micro pipette would 
generate a fluid-jet to push the bundle in the direction of transduction and negative pressure 
applied through the micro pipette would pull the bundle in the opposite direction. The 
pressure applied to generate the fluid-jet was controlled using a MultiClamp 700B 
amplifier and pClamp 10 software (Molecular Devices). 
2.2.4.1 Test deflections 
With the goal of determining the effects of overstimulation on bundle stiffness it 
was decided to examine the degree of bundle deflection in response to brief low pressure 
stimulations as had previously been done in the lab (Kitajiri et al., 2010). Deflections in 
the direction of transduction defined as a positive deflection. Starting with the pressure set 
at -10 mmHg, the bundle was stimulated with pressure increasing in a stepwise manner at 
5 mmHg increments to a maximum pressure of 25 mmHg. These test deflections were 
delivered immediately before (Figure 2.2A) and after damaging overstimulation (Figure 
2.2B). 
2.2.4.1 Overstimulation 
Damaging deflections were generated by fluid-jet overstimulation of the bundles at 
higher pressure after the test deflections. A cycle of positive and negative deflections was 
delivered 20 times. The pressure of positive deflections was 50 mmHg and the pressure of 
negative deflections was -50 mmHg and each had a duration of 1 second with 0.5 seconds 
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between deflections. The test deflection was repeated after overstimulation before moving 
to the next bundle. 
 
 
Figure 2.2. Testing bundle stiffness with a fluid-jet. 
A, Images from video recordings of deflections of an IHC bundle with a low-pressure 
fluid-jet before overstimulation. Left panel shows bundle at rest. Middle panel shows 
bundle deflection in response to -10 mmHg fluid-jet. Right panel shows bundle 
deflection in response to +25 mmHg fluid-jet. B, Images from the same bundle 
immediately after overstimulation. Left panel shows bundle at rest. Middle panel 
shows bundle deflection in response to -10 mmHg fluid-jet. Right panel shows 
bundle deflection in response to +25 mmHg fluid-jet. 
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2.2.4.1.1 RECOVERY 
The explant was immediately removed from the microscope after deflections of the 
last bundle in the experimental region. The L-15 media was replaced with culture media in 
samples designated for recovery and they were returned to the incubator for 24 hours. At 
the end of the recovery time they were removed from the incubator and the culture media 
was replaced with clear L-15 media for imaging. The explant was returned to the 
microscope and the experimental region was located and each IHC bundle in the 
experimental region again received test stimulations. 
2.2.5 Video recording of stimulation 
To measure bundle deflections, we recorded the bundle during low pressure test 
deflections generating an AVI video at 30 frames per second. Each IHC within the 
experimental region was designated by number in the file names so that recordings for each 
bundle could be compared before overstimulation, after overstimulation, and after 24 hours 
recovery. 
2.3 Video analysis 
The AVI video files were opened in ImageJ software (ver. 1.5x) and converted to 
greyscale before being saved as a TIFF stack. The MetaMorph for Olympus Imaging Series 
v.7.7 (Molecular Devices) was then used to open the TIFF stack. The stack was examined 
visually for a qualitative assessment to identify a stereocilium which was identifiable 
throughout the stack during deflections and which was representative of the deflections of 
the bundle as a whole. The position of the stereocilium was visualized at its largest negative 
and positive deflections and a line covering the range of deflection was drawn 
perpendicularly to the hair bundle. The average pixel brightness within a 2-3-pixel range 
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along this line for each image were saved in a LOG file. Using a custom written algorithm, 
written in MATLAB (MathWorks) and originally developed to measure OHC 
electromotility (Frolenkov et al., 1997), the frame-by-frame position of the stereocilium 
was computed from the LOG file generated by the MetaMorph program. 
2.3.1 Measuring bundle deflections 
The data from the MATLAB program was exported to an Excel (Microsoft) file 
and a line graph was created to visualize the position of the stereocilium (y-axis) in each 
frame (x-axis) throughout the test deflections (Figure 2.3). For each deflection, a baseline 
position for the stereocilium was determined by averaging 15 consecutive data points 
immediately preceding the deflection. Similarly, the position of the stereocilium during 
each deflection was determined by averaging 15 consecutive data points in the middle of 
the deflection. The deflection distance was calculated by subtracting the position value 
during the deflection from the baseline position value and converting to µm based upon the 
field of view of the microscope lens as determined by a stage micrometer. The deflection 
distance was plotted at each pressure level of the test deflections for the same stereocilium 
before overstimulation, immediately after overstimulation and after 24 hours recovery in 
the incubator (Figure 3.1a). 
2.3.2 Estimating stiffness 
Bundle stiffness was estimated as the resistance of the bundle to deflection by the 
fluid-jet. To quantify bundle stiffness, a linear fit was applied to the bundle deflection 
distances at pressure levels from -5 mmHg to +15 mmHg during the test deflections and 
the inverse of the slope of the linear fit was calculated. Stiffness was estimated for each 
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bundle before overstimulation, after overstimulation and after 24 hours recovery. The 
averages for each treatment group across bundles were reported relative to control (Figure 
3.1b). 
 
 
Figure 2.3. Measuring bundle deflection from fluid-jet stimulation. 
Representative graph of bundle deflections by fluid-jet. Video recording at 30 fps 
was made of stereocilia bundle deflections in response to fluid-jet stimulation. A line 
scan of the path of deflection of a stereocilium recorded the average pixel brightness 
within a 2-3 pixel range along this path. The frame-by-frame position of the 
stereocilium was subsequently computed and plotted in a graph. 
2.4 Scanning Electron Microscopy (SEM) 
To determine whether fluid-jet overstimulation resulted in a loss of tip-links, two 
organs of Corti explants were examined by SEM. Tip-link counts from bundles in the 
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experimental region which had been subjected to fluid-jet overstimulation were averaged 
and compared to the average tip-link counts from unstimulated control bundles outside the 
experimental region. Unfortunately, visualization of tip-links via SEM precludes the 
possibility of comparing an individual bundle before and after overstimulation due to the 
tissue preparation prior to SEM imaging. 
2.4.1 Glutaraldehyde and Paraformaldehyde fixative 
Fresh fixative was prepared for each experiment and the same fixative was used 
with all samples for electron microscopy. A stock solution of 0.1935 M Sodium Cacodylate 
buffer was made by dissolving 8.285 g of Sodium Cacodylate Trihydrate (Electron 
Microscopy Sciences - EMS) in 190 mL of ddH2O with 200 µL of a 2 M CaCl2 solution. 
The pH of the solution was adjusted to 7.42 with 0.1 N HCl and the final volume adjusted 
to 200 mL with ddH2O. 
For the fixative, 2 mL of 25% Glutaraldehyde and 2.5 mL of 16% 
Paraformaldehyde were added to 15.5 mL of the stock Sodium Cacodylate buffer. 
Glutaraldehyde and Paraformaldehyde (EMS) were high purity EM grade. Fixative is 2.5% 
Glutaraldehyde and 2% Paraformaldehyde in 0.15 M Sodium Cacodylate buffer. 
2.4.2 SEM sample prep 
To examine the overstimulation-induced changes in the IHC bundles before any 
repair processes could occur, Organ of Corti explants were fixed immediately upon being 
taken off the light microscope stage to stop cellular activity and preserve tissue structure. 
The L-15 media was almost completely removed and replaced with fixative and the dish 
was sealed with Parafilm and stored at 4°C overnight. The explants were rinsed 3x with 
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ddH2O to remove an unbound fixative and then carefully detached from the glass-bottom 
Petri dish. SEM samples must be imaged in a vacuum which is incompatible with a wet 
sample. However, the evaporation of water from the sample creates a great deal of 
morphological distortion in the transition from a liquid state to a gas state due to its surface 
tension at the phase boundary between the two states. To avoid this, the sample must first 
be dehydrated by exchanging the water for Ethanol (EtOH) in which water is miscible. 
2.4.2.1 Dehydration 
To dehydrate the explant, it was first transferred into 3 mL of ddH2O in a 
scintillation vial. Increasing amounts of EtOH (200 proof) were gently added in 6 steps 
(Table 2.1) to make an 80% EtOH solution. The tissue was incubated for 30 minutes at RT 
between each step. After the final 30-minute incubation in 80% EtOH the solution was 
almost completely removed from the vial and replaced with 20 mL of 200 proof EtOH and 
the explant was stored overnight at RT. The next day the EtOH in the vial was replaced 
with fresh EtOH from a new unopened bottle of 200 proof EtOH. 
 Although the surface tension of EtOH is much less than half that of water, drying 
the explant by evaporation of the EtOH would still distort nanoscale morphological 
features such as tip-links. To minimize the presence of artefacts the tissue samples 
underwent Critical Point Drying (CPD) with CO2. For this process, the EtOH, which is 
miscible in both water and CO2, served as a transitional fluid. 
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Table 2.1  Ethanol Series used for tissue dehydration for SEM prep. 
Step # EtOH Volume Added EtOH Concentrations 
1 158 µL 5% 
2 175 µL 10% 
3 417 µL 20% 
4 1.25 mL 40% 
5 2.5 mL 60% 
6 7.5 mL 80% 
 
2.4.2.2 Critical point drying 
The explants were transferred from the scintillation vial into metal mesh boats 
under EtOH to prevent drying. The chamber of the CPD machine (EMS 850, Electron 
Microscopy Sciences) was filled halfway with EtOH and the boats containing the explants 
were placed inside and the lid securely closed. The chamber was cooled as CO2(g) was 
added from a cylinder at high pressure. Most of the CO2(g) was forced into a liquid phase 
under these conditions and began mixing with the EtOH. Over the course of a couple of 
hours the EtOH/CO2 solution was slowly drained from the bottom of the chamber as CO2 
was constantly added while a constant temperature and pressure in the chamber was 
maintained. The concentration of CO2 increased as the concentration of EtOH decreased 
until all of the EtOH was removed. The addition of CO2 to the chamber was stopped and 
excess CO2 was drained until the chamber was about half full of liquid CO2 and half full 
of CO2(g). At that point the exhaust valve was closed, and the temperature slowly increased 
inside the chamber. The increased temperature increased the pressure until the critical point 
was reached at about 35°C and 1200 psi. At the critical point, the density and surface 
tension of liquid CO2 are indistinguishable from those of CO2(g) and the specimen 
transitions from ‘wet’ to ‘dry’ without being subject to any surface tension from crossing 
53 
 
a phase boundary. The temperature of the chamber was maintained as the pressure was 
slowly released to below 1000 psi to prevent the transition of the CO2 to a liquid phase. 
2.4.2.3 Sputter coating 
The boats with the dried explants were removed from the chamber of the CPD and 
the explants were gently taken and carefully pressed onto a conductive carbon adhesive tab 
on an aluminum pin mount. The pin mounts were then placed into motorized mount in a 
Sputter Coater (Q150T, Quorum Technologies, Guelph, Canada) and the air was evacuated 
from the chamber. A small amount of Ar(g) was introduced to the chamber and electric 
field applied to a thin Pt disc situated above the samples. The electric field in the Ar created 
a plasma which removed Pt from the disc and deposited it onto the samples while the 
motorized mount spun to ensure an even coating. The amount of Pt deposited onto the 
samples was determined by monitoring the piezoelectric properties of a quartz crystal in 
the chamber and was stopped when the thickness of the coating was 5 nm. Finally, N2(g) 
was used to return the chamber pressure to atmosphere. 
2.4.3 SEM Imaging 
The mounted and Pt coated samples were placed into the chamber of a scanning 
electron microscope (Helios Nanolab 660, FEI, Heillsboro, OR). Air was evacuated from 
the chamber and an electron beam was delivered to the sample with an accelerating voltage 
of 10 kV and a 6.3 pA current. To achieve optimal visualization of surface topography the 
Through Lens Detector (TLD) was used to collect secondary electrons arising from 
inelastic collisions of the electron beam with the sample surface. To improve the signal-to-
noise ratio the sample was imaged at a working distance of 4 mm from the pole piece of 
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the final lens and the micrograph was generated in a raster pattern with a dwell time of 30 
µs. 
2.4.4 Tip-link counts 
The SEM micrographs were opened in Fiji (ImageJ2 ver 1.52n) and examined for 
tip-links. A link which connected the top of a transducing stereocilia to the side of the taller 
stereocilia immediately adjacent to it was considered a tip-link. Tip-link counts were 
recorded as tip-links per stereocilia pair. 
2.5 In vivo noise exposure 
Male and female young adult (~3 weeks old) CD1 wild-type mice were 
anesthetized and exposed to mild acoustic trauma. Auditory thresholds at specific 
frequencies were measured before noise exposure, and at multiple timepoints up to 2 weeks 
after exposure, to determine the degree of hearing loss, and recovery, resulting from the 
noise exposure protocol. All animal procedures were approved by the University of 
Kentucky Institutional Animal Care and Use Committee (protocol # 903M2005). 
2.5.1 Anesthesia 
A stock solution of Avertin (concentration 1.6g/mL) was made by dissolving 25 g 
of 2,2,2, Tribromoethanol (Sigma-Aldrich) in 15.5 mL Tert-amyl alcohol on a heated plate 
with magnetic stirrer overnight in a dark bottle. The Avertin working solution was made 
by adding 500 µL of Avertin stock to 39.5 mL normal saline in a 50 mL conical tube 
wrapped in aluminum foil to exclude light. The tube was placed inside a box on an orbital 
shaker overnight and the solution was filter sterilized through a 0.2-micron filter. Working 
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solution was stored in a foil wrapped container at 4°C. Mice were weighed immediately 
prior to intraperitoneal injection of a 0.4 mg/g dose of Avertin.  
2.5.2 Auditory Brainstem Responses (ABR) 
Anesthetized mice were placed on stage heated to body temperature and subdermal 
needle electrodes were positioned in the posterior cranial region. The nose cone of an MF-
1 speaker (Tucker-Davis Technologies) was centered and positioned in front of the mouse 
at a distance of 1 inch from the midpoint between the mouse’s ears. A System 3 Auditory 
Workstation (Tucker-Davis Technologies) was used with the BioSigRP software to 
measure ABRs. Brief, 5 ms, tone-burst stimuli were delivered with 20 Hz alternating 
polarity at 8, 16, 24 and 32 kHz and response signals were averaged 512 to 1024 times to 
generate an artefact-free waveform. Hearing thresholds were determined by finding the 
lowest stimulus level which evoked a recognizable characteristic waveform response. 
2.5.3 Noise Exposure 
Except for the control mice, all young adult mice were exposed to the same mild 
acoustic trauma. The anesthetized mouse and MF-1 speaker were positioned as described 
in section 2.5.2. A broadband (white) noise was delivered for a duration of 30 minutes at 
an intensity of 100 dB SPL.  
2.5.3.1 Recovery 
After noise exposure, mice which were in a recovery cohort were returned to their 
cages. Prior to being returned to animal housing they were observed for recovery from 
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anesthesia. Recovery mice in the imaging study were euthanized 24 hours after noise 
exposure as described below in section 2.5.4. 
2.5.4 Dissection 
Young adult mice were euthanized by gradual displacement of chamber air with 
compressed CO2 delivered through a precision flowmeter. After unconsciousness, the 
flowrate was increased for 1 minute before the mouse was removed and immediately 
decapitated. Dissection then preceded as described in section 2.1.1 up to the removal of the 
bony labyrinth from the temporal bone. 
2.6 TEM and Focused Ion Beam Scanning Electron Microscopy prep 
Tissue preparation for transmission electron microscopy is similar to that for 
scanning electron microscopy in that fixation and dehydration are essential. However, 
instead of drying the sample after dehydration as is done for SEM, the dehydration fluid is 
exchanged for a resin which is then polymerized into a hard, plastic block. The block is 
then trimmed to expose the region of interest of the embedded tissue sample. 
2.6.1 Fixation 
The same fixative was used for all electron microscopy samples as described above 
in section 2.4.1. In addition, to better visualize actin filaments within the stereocilia, tissue 
samples for the TEM, and Focused Ion Beam Scanning Electron Microscopy (FIB-SEM), 
were post-fixed in a 1% Tannic Acid solution buffered with Sodium Cacodylate buffer 
which was made fresh immediately prior to use. 
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2.6.1.1 Explants 
Organ of Corti explants were fixed immediately upon being taken off the light 
microscope stage to stop cellular activity and preserve tissue structure. The L-15 media 
was almost completely removed and replaced with fixative and the dish was sealed with 
Parafilm and stored at 4°C overnight. The explants were then rinsed 3x with Sodium 
Cacodylate buffer and post-fixed in 1% Tannic Acid for 1 hour. The explants were rinsed 
3x with ddH2O prior to cryoprotection with glycerol. 
2.6.1.2 Young adult cochlea 
In the older mice the lateral wall of the cochlear partition is connected to the ossified 
bone of the otic capsule and removal prior to fixation damages the organ of Corti. To fix 
the tissue, the round window membrane was removed with the stapes and the membrane 
of the oval window was removed with forceps. A small piece of bone was carefully 
removed from the apex of the cochlea exposing the cochlear partition. The tissue was then 
fixed by gentle perfusion using a fine needle and alternating delivery through the round 
and oval windows. The cochleae were transferred to a vial, submerged in a small volume 
of fixative, and stored at 4°C overnight. Unbound fixative was removed by perfusion of 
Sodium Cacodylate buffer before perfusion of 1% Tannic Acid for post-fixation. After 1 
hour the cochleae were rinsed by perfusion with ddH2O and were stored in ddH2O at 4°C 
until final microdissection. During excision of the tissue from the cochlea the tectorial 
membrane was removed and the organ of Corti was cut into 4 pieces: Base, Mid-base, Mid-
apex, and Apex. Our imaging study focused on the hair cells in the Mid-apex which 
tonotopically corresponds to the 8 to 16 kHz region where hearing thresholds recovered. 
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2.6.2 Cryoprotection 
Out of a desire to reduce the presence of artefacts within tissue from sample 
preparation, cultured and young adult organ of Corti samples were dehydrated via freeze 
substitution. Preparatory to this technique the tissues were cryoprotected with 30% glycerol 
(EMS). Due to tissue thickness differences between neonatal and mature organ of Corti, 
the graded series of increasing glycerol concentrations to reach 30% were different for each 
tissue type. In the final step tissue samples were transferred to a small plastic petri dish of 
30% glycerol with 3 mm Cu grids (described in section 2.6.3) and stored overnight at 4°C. 
2.6.2.1 Explants 
Prior to cryoprotection, fixed explants were gently detached from the glass-bottom 
Petri dish and transferred to a scintillation vial. The ddH2O was replaced with increasing 
concentrations of glycerol in a graded series as indicated (Table 2.2).  
Table 2.2  Glycerol series used for cryoprotection of in vitro explants. 
Step 
Glycerol 
Concentration 
Incubation Time 
Incubation 
Temperature 
1 5% 2 hours RT 
2 10% 2 hours RT 
3 30% Overnight 4°C 
 
2.6.2.1 Young adult cochlea 
The ddH2O was replaced with increasing concentrations of glycerol in a graded 
series as indicated (Table 2.3). 
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Table 2.3  Glycerol series used for cryoprotection of in vivo tissue samples. 
Step 
Glycerol 
Concentration 
Incubation Time 
Incubation 
Temperature 
1 5% 2 hours RT 
2 10% 2 hours RT 
3 15% 2 hours RT 
4 20% 2 hours RT 
5 25% 2 hours RT 
6 30% Overnight 4°C 
 
2.6.1 Freeze substitution and Uranyl Acetate staining 
Freeze substitution was carried out in a Leica EM AFS2 freeze substitution machine 
after the following preparations. Tissue samples in 30% glycerol were placed on 
submerged 3 mm 200 hexagonal mesh Cu grids (EMS) with hair cells facing up. 
Approximately 5 mL of a 1% Uranyl Acetate in Methanol (MeOH) solution was placed in 
a small plastic cup which normally holds the embedding block molds for the EM AFS2. 
The cup was dipped into liquid nitrogen (LN) in a Styrofoam container until the Uranyl 
Acetate solution inside was frozen at which point the cup was submerged in the LN. The 
chamber temperature of the Leica EM CPC plunge freezer was chilled to approximately -
150°C by adding LN to the compartment beneath the chamber. Chlorotrifluoromethane 
(Freon 13) gas was slowly added to a metal cylinder in the center of the chamber where it 
was condensed and kept in its liquid state by the low temperature. Freon 13 was selected 
as a cryogen because it lacks a Leidenfrost point which would cause uneven freezing of the 
sample. The small plastic cup with frozen Uranyl Acetate at the bottom was filled with LN 
and set inside the chamber next to the cylinder of liquid Freon.  
To minimize thermal transfer, coated forceps were used to pick up the Cu grid and 
remove the tissue sample from the 30% glycerol. Bibulous filter paper was used to carefully 
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remove excess fluid from the grid leaving only a small amount surrounding the tissue 
sample. The grid with the tissue sample was quickly plunged into the liquid Freon to 
rapidly freeze the sample in vitreous ice. After about 30 seconds the grid and frozen tissue 
were swiftly placed on top of the frozen Uranyl Acetate under LN in the small plastic cup 
situated next to the liquid Freon. The small plastic cup was quickly transferred to the 
chamber of the EM AFS2 which was prechilled to -90°C and filled with N2(g) to minimize 
water vapor contamination. The chamber lid was closed and covered to avoid precipitation 
of the photo-sensitive Uranyl Acetate. The chamber was maintained at -90°C which 
quickly evaporated the LN from the cup but kept the tissue sample frozen while the Uranyl 
Acetate solution melted. 
The chamber was maintained at -90°C for 32 hours and then slowly warmed at 
about 4°C per hour to -45°C. During this time, the MeOH of the Uranyl Acetate solution 
slowly exchanged with the ice thus dehydrating the sample. Additionally, electron dense 
uranyl ions bonded to glycoproteins and nucleic acid staining the tissue membranes and 
improving contrast in EM imaging. Scintillation vials with MeOH were added to the 
chamber and given 1 hour to chill to -45°C. The tissue samples were rinsed 3x with MeOH 
by transferring between scintillation vials. 
2.6.2 Lowicry resin 
Lowicryl HM-20 (EMS) is a very low viscosity, clear methacrylate resin ideal for 
low temperature embedding. It consists of a monomer and a crosslinker which are 
combined in different proportions depending on the desired hardness of the final plastic 
block. For this study moderately hard blocks were desired, and the resin was prepared with 
14.9% crosslinker and 85.1% monomer by weight. An initiator was used, measured to be 
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0.5% by weight, to accelerate the polymerization of the resin at the end of the protocol. 
The monomer, crosslinker and initiator were mixed together by bubbling N2(g) through the 
solution for 5 minutes which also served to remove O2 from the solution which could 
interfere with polymerization.  
Lowicryl resin is miscible with MeOH and a 50% Lowicryl and 75% Lowicryl 
solution were made with MeOH and placed into the chamber to chill to -45°C. Tissue 
samples were transferred from the MeOH to the 50% Lowicryl solution and incubated for 
a minimum of 2 hours. This was repeated with the 75% Lowicryl solution before the tissue 
samples were transferred to a scintillation vial with pure resin and left to incubate for a 
minimum of 18 hours. Fresh Lowicryl resin was made and placed in the chamber to chill 
to -45°C. The tissue samples were moved to the fresh resin and incubated for another 24 
hours at -45°C before being transferred to block molds. As much as possible the tissue was 
positioned in the mold so that the region of interest would be oriented perpendicular to the 
block face. The chamber was closed with a lid containing longwave UV emitting LEDs 
and the samples were left to settle for 1 hour before UV irradiation. The Lowicryl resin in 
the block mold was polymerized by longwave UV irradiation for a total of 128 hours while 
the chamber temperature was increased to RT in steps (Table 2.4) after which the blocks 
were removed from the mold and prepared for TEM or FIB-SEM imaging as described 
below. 
2.7 Transmission Electron Microscopy 
SEM is used to image a sample by detecting electrons which come off the surface 
of the sample similar to viewing an object under a stereoscope from the photons reflected 
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Table 2.4  Temperature changes during UV polymerization of Lowicryl resin blocks 
Step 
Beginning 
Temperature 
Ending 
Temperature 
Duration 
1 -45°C -45°C 27 hours 
2 -45°C 0°C 9 hours 
3 0°C 0°C 40 hours 
4 0°C 20°C 4 hours 
5 20°C 20°C 48 hours 
 
off the object. TEM utilizes a higher energy electron beam (~100 kV accelerating voltage) 
to penetrate a sample and an image is generated by detecting the electrons which pass 
through the sample similar to viewing a tissue slide in a light microscope. The benefit of 
TEM is unparalleled resolution but there are some significant drawbacks outlined below. 
2.7.1 Sectioning 
In order to penetrate the sample and be detected the accelerating voltage of the 
electron beam must be higher in a TEM than in an SEM but the sample has to also be much 
thinner. Resin blocks were trimmed with a razor blade to expose the tissue and to shape 
the block face into a trapezoid ~ 1 mm wide. Using an ultramicrotome (UC6, Leica, 
Wetzlar, Germany) and a Tungsten Carbide knife (EMS) the block face was smoothed in 
1 µm steps for ultrathin sectioning. Ultrathin sections (~90 nm thickness) were cut using a 
DiATOME Ultra 45° diamond knife. Sections were floated onto 3 mm 200 mesh hexagonal 
Cu grids and dried, section side up, in a glass Petri dish lined with filter paper (Whatmann) 
on a warm hot plate.  
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2.7.2 Imaging 
The Lowicryl resin sections are more fragile than epoxy resin sections and required 
carbon coating prior to imaging to stabilize the section in the electron beam. The Pt disc of 
the sputter coater (Q150T, Quorum Technologies, Guelph, Canada) was removed and 
replaced with a carbon filament holder. The grids were placed section side up on a plastic 
Petri dish lined with filter paper adhered to a rotating platform in the coater chamber. After 
closing the lid, the chamber was evacuated, and a current was briefly applied to a carbon 
filament which deposited a thin layer of carbon on the grid. Chamber pressure was returned 
to atmosphere with N2(g) and the grids were removed to be imaged. TEM imaging was 
done at 100 kV accelerating voltage on either a Phillips Tecnai 12 or a Hitachi Model H-
7600. 
2.7.3 Limitations 
Although TEM can provide superior resolution the technique posed a number of 
problems for this project. The concho-spiral shape of the tissue meant that it rarely laid flat 
in the block and in most cases the area of interest moved and changed angles as the block 
was sectioned. The region of interest, the stereocilia bundle of an IHC, is ~ 20 µm2 in a 
tissue spanning hundreds of microns and the lowest magnification was 800x which often 
resulted in long periods of time simply finding the area to image. The resin sections were 
weakest at the interface of the tissue which often meant the sections would be torn at the 
region of interest. The sections had to be supported by the 3 mm Cu grid and the region of 
interest was frequently resting on a supporting bar of the grid unable to be imaged. Even 
when the region of interest was able to be imaged, the stereocilia were rarely in a useful 
orientation; the success rate was ~5-20%. Attempts to adjust the angle of sectioning proved 
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fruitless as nanoscale adjustments were not possible on the ultramicrotome and any angle 
adjustment required re-facing the block. As a consequence, the next useable section was 
several microns deeper into the block than the one from which the adjustment was made 
and a new bundle, with a different orientation, was being imaged. While practice and skill 
did sometimes help with tissue orientation during sectioning and quickly locating the 
region of interest during imaging, finding useable, longitudinally sectioned stereocilia was 
purely a matter of luck. 
2.8 Focused Ion Beam – Scanning Electron Microscopy 
Many of the challenges of the TEM are eliminated in the FIB-SEM. The image 
resolution is not as good as a great TEM image but in this study that was easily offset by 
the ability to more reliably gather large numbers of useable images as serial sections. The 
SEM made it easier to discern the orientation of the stereocilia at the block face and they 
were never obscured by grid bars. The motorized stage allowed for smaller and more 
precise adjustments in the angle of imaging and sectioning. The FIB provided more 
controlled sectioning and the ability to serial section in 20 nm steps to generate a stack of 
images through a bundle. This made it possible to reconstruct a 3D image of the bundle 
and it also meant that stereocilia which were not perfectly oriented could be followed from 
one image to the next in a stack and provide useful data. Although the set-up to start 
imaging a new block could take several hours, once imaging began the amount of useable 
data for this study far exceeded what could be accomplished with the TEM. 
2.8.1 Block prep 
Prior to using the FIB-SEM the resin block had to be prepared by first trimming the 
front of the block to expose the tissue. Then, using the Tungsten Carbide knife and 
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ultramicrotome, the upper surface of the block had to be trimmed so that the apex of the 
hair cells was ~20 µm under the surface. The block was then adhered with epoxy to a low 
profile 45° / 90° pin mount and sputter coated with a 25 nm thick layer of Pt. 
2.8.2 Serial sectioning 
The block was placed into the FIB-SEM chamber and a Navigation Camera photo 
was taken to position the stage to image the block face with the electron beam and find the 
tissue using a 2 kV accelerating voltage and 0.2 nA current with the TLD capturing 
secondary electrons. Once the hair cells were located the block was repositioned to the 
eucentric height to put the region of interest at the coincidence point of the two beams 
which was confirmed by very brief imaging of the block with the ion beam at 30 kV and 
7.7 pA to minimize damage. The stage angle was then adjusted so that the block face was 
parallel to the ion beam and the position saved as the milling position. The ion beam current 
was increased to 21 nA and a milling pattern was run which smoothed the block face at the 
hair cells to a depth of about 200 µm. The stage was tilted to bring the block face 
perpendicular to the electron beam and the Z height adjusted to a working distance of 2 
mm. The lens mode was switched to magnetic immersion for improved resolution and In 
Column Detector (ICD) was used to collect backscattered electrons. Backscattered 
electrons are electrons from the beam which have undergone an elastic collision with an 
atom in the sample and bounced back along the beam path. Larger, more electron dense 
atoms are more likely to generate backscattered electrons and as a result the uranyl ions in 
the tissue stand out from the surrounding low-density resin. The stereocilia of a hair cell of 
interest was centered and brought into focus and the stage position saved as the imaging 
position. 
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The stage was returned to the saved milling position and, using the ion beam with 
a 47 nA current, 10 µm wide trenches were milled on either side of the region of interest. 
During serial sectioning the trenches serve to protect the block from re-deposition and 
excessive charging from the ion beam. The stage was then rotated 180° and tilted to bring 
the block face perpendicular to the ion beam. The current was adjusted to 21 nA and the 
top of the block was smoothed, removing about 5 µm of the resin above the tissue. The 
stage was again returned to the saved milling position and a small injection needle was 
positioned near the surface of the block. The injection needle delivered gases from heating 
C9H16Pt which were broken down by the ion beam depositing a 500 nm thick protective 
layer of Pt on the surface of the block above the region of interest. The stage was moved 
to the saved imaging position and measurements were taken for final preparations before 
serial sectioning (Figure 2.4A). The stage was brought back to the saved milling position 
and then rotated and tilted to bring the block face perpendicular to the ion beam once again. 
Using the ion beam a small, 3µm deep fiducial pattern was milled just outside the serial 
sectioning region. The stage was returned to the milling position and the Slice and View 
(FEI) automation program was opened. 
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Figure 2.4. SEM images of the face of a resin block with embedded organ of Corti 
explant. 
A, Image of block face showing organ of Corti. IHC is indicated and asterisks mark 
the presence of OHC bundles. The vertical line to the left of the IHC is the end of a 
protective trench (T). Red lines are measurements to determine positional placement. 
For milling of the imaging fiducial, the SEM measurements are used instead of ion 
beam imaging in order to minimize damage to the block face. B, Image of a block 
fully prepped for serial sectioning by the ion beam. A 500 nm thick pad of Pt (P) is 
deposited on the top of the block above the region of interest. Along with the trenches 
on either side this helps prevent re-deposition and excessive charging of the sample 
by the ion beam during milling. A milling fiducial (MF) is created on the top of the 
block to correct for drift before milling by the ion beam. An imaging fiducial (IF) is 
created on the block face to the side of region of interest to correct for drift before 
SEM imaging. 
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With the block face parallel to the ion beam another fiducial pattern was milled into 
the upper surface of the region of interest (Figure 2.4B). The serial sectioning region was 
defined, and its position saved relative to the fiducial pattern on the upper surface. The 
stage was then moved to the saved imaging position and the beam realigned and stigmation 
adjusted for optimal focus and resolution. The imaging region was defined, and its position 
saved relative to the fiducial pattern on the block face. The program was configured to 
capture backscattered electrons using both the ICD and TLD detectors to create two 
inverted images of the region each with slightly different quality. Finally, the autofocus 
was configured and tested before beginning the automated serial sectioning.  
The automation began by returning the stage to the saved milling position and 
adjusting for drift using the fiducial. The ion beam then removed 20 nm of the block face 
from the serial sectioning region. The stage was moved to the saved imaging position and 
adjusted for drift using the fiducial. The electron beam imaged the apex of the hair cell at 
the block face by collecting backscattered electrons from a raster pattern. Once imaging of 
the region was complete, the stage was returned to the milling position and another 20 nm 
of the block face was removed by the ion beam and a new image of the block face was 
taken. This process was repeated over and over, generating a stack of serial images in 20 
nm steps. 
2.9 Image analysis of stereocilia ultrastructure 
Data analysis required careful analysis of the serial FIB-SEM section images. 
Images were loaded into Fiji and saved as a TIFF stack. Stereocilia were counted and 
examined for any ultrastructure damage. Observed damage could be categorized as: a break 
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in the actin core, a displacement of a stereocilium from its cuticular rootlet, a shattered 
supracuticular rootlet or a hollow supracuticular rootlet. 
Stereocilia with breaks were counted and recorded according to which row they 
were located in. The breaks were characterized by their size and their location relative to 
the cuticular plate. To measure this, the pixel size for the image stack as it was recorded by 
the SEM was saved under the image properties in Fiji. The size of a break (Figure 2.5A) 
was measured by drawing a line at the widest point of the break connecting the lower and 
upper edges. The location of the break relative to the cuticular plate (Figure 2.5B) was 
measured by drawing a line from the base of the stereocilia to the bottom edge of the break. 
When a stereocilium was displaced from its cuticular rootlet the displacement distance was 
measured by drawing a line from the center of the rootlet to the center of the stereocilium. 
 
 
Figure 2.5. Illustration showing measurement of break characteristics in a 
stereocilia with a break in the F-actin. 
A, The size of breaks were measured longitudinally at the widest point of the break. 
B, The location of breaks were determined by measuring the distance from cuticular 
plate to the lower edge of the break. 
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2.10 3D reconstruction of serial FIB-SEM image stack 
A custom-written MATLAB script was used to register and align the image stack 
from serial FIB-SEM sectioning of a hair cell bundle and saved as a new stack. The new 
stack was opened in Fiji and inverted. The stack was then median filtered and the Z-project 
function in Fiji was used to generate a maximum intensity projection of the stack. 
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CHAPTER 3. RESULTS 
3.1 In vitro fluid-jet overstimulation causes a recoverable decrease in bundle 
stiffness 
Transient decreases in bundle stiffness following in vitro fluid-jet overstimulation 
have previously been reported (Saunders and Flock, 1986; Duncan and Saunders 2000). 
However, those studies only speculated as to the underlying cause of the bundle stiffness 
changes. Our study is the first to examine the ultrastructure of the stereocilia F-actin in 
response to in vitro mechanical overstimulation. We restricted our study to IHC stereocilia 
for a number of logistical reasons: There are three rows of OHCs for every IHC and 
stimulating them all was too time prohibitive. The closely spaced rows of OHCs made it 
difficult to either stimulate a bundle without also inadvertently stimulating the bundle of 
the OHC in the row behind the targeted bundle or stimulate a bundle without also smashing 
the pipette into the bundle of the OHC in the row in front of the targeted bundle. It was 
very often impossible to determine which OHC we were examining when we were imaging 
with the TEM and we did not transition to the FIB-SEM until late in the project.  
We first sought to determine whether we could generate the same repairable bundle 
stiffness changes in mouse and rat organ of Corti explants. A micro pipette filled with bath 
solution was positioned in front of IHC bundles and positive and negative pressure was 
applied to the back of the pipette which deflected the bundle (Figure 2.2a). Brief test 
deflections were carried out in both directions in a stepwise fashion beginning with a fluid-
jet pressure of -10 mmHg and increasing the pressure by 5 mmHg with each deflection 
ending at +25 mmHg. We did a frame-by-frame analysis of video recorded during these 
tests to measure how far the bundle was deflected at each pressure level (Figure 3.1A).  
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Figure 3.1. Fluid-jet overstimulation results in a recoverable loss of bundle 
stiffness 
A, Representative pressure displacements from video analysis of bundle movement 
in response to test stimuli before overstimulation, immediately after overstimulation 
and after 24-hour recovery. B, Percent change in the relative stiffness of the bundle 
estimated by calculating the inverse slopes of linear fits of pressure displacement 
graphs, shown as dashed lines in A. Bars show mean ± SEM values of combined data 
of 17 cells from 3 explants. (***) indicates a P value < 0.001 determined by a 
Student’s t-test. 
For the damaging overstimulation we alternated between positive and negative 
deflections each lasting 1 second. We also increased the fluid-jet pressure to +50 mmHg 
and -50 mmHg. Immediately after overstimulation we repeated the test deflections (Figure 
2.2b) and were able to measure an increase in bundle deflection at each pressure level 
(Figure 3.1A). We then estimated bundle stiffness using the inverse slope of the 
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displacement measurements and found a 52% reduction in bundle stiffness after 
mechanical overstimulation (Figure 3.1B).  
To determine whether bundle stiffness would recover we returned the explants to 
the incubator for 24 hours. We then repeated the test deflections and measured the 
displacement of the stereocilia (Figure 3.1A) and found that bundle stiffness had recovered 
to 84% of normal (Figure 3.1B). 
 
3.2 The reduction in bundle stiffness after overstimulation is not due to a loss of 
links. 
In discussing the decreased bundle stiffness observed after fluid-jet overstimulation 
in guinea pig, Saunders and colleagues suggested that it was caused by damage to either 
the “rootlet region” or the links connecting stereocilia (Saunders and Flock, 1986). 
Previously published results from experiments done in cultured, young postnatal 
mice in our lab showed that the use of BAPTA to remove most of the links between IHC 
stereocilia resulted in a small change in bundle stiffness (Kitajiri et al., 2010). Separate 
experiments in our lab (Indzhykulian et al., 2013), as well as other studies, have shown that 
tip-links are repairable within the 24 hours (Jia et al, 2009; Zhao 1996). Therefore, it is 
possible that loss of bundle stiffness we have observed in our current study is a result of 
the fluid-jet overstimulation breaking the links between stereocilia and that bundle stiffness 
returned within 24 hours because the links were repaired. However, it has also been 
reported that tip-links remain intact after noise exposure unless the other links between the 
stereocilia are also broken and the normal bundle morphology is lost (Clark and Pickles, 
1996). 
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Although hair cell bundle morphology appeared unchanged in our experiment, we 
wanted to more closely examine whether fluid-jet overstimulation had an effect on the links 
between stereocilia. Therefore, we prepared explants for SEM by applying a 
Glutaraldehyde and Paraformaldehyde fixative to the explant immediately after removing 
it from the microscope stage. The tissue was then dehydrated with a graded series of 
Ethanol (Table 2.1) and critical point dried with CO2 before being mounted and sputter 
coated with 5nm of Pt.  
We compared bundles in the experimental region which had been overstimulated 
with those in the control region which had not (Figure 3.2A). We examined the links 
between stereocilia and observed no apparent differences between damaged and control 
bundles (Figure 3.2B). Due to the difficulty in quantifying side-links and top-links, which 
are often obscured from view, we focused on tip-links. In order to account for variations in 
the number of stereocilia from one bundle to the next, we quantified tip-links per stereocilia 
pair. We found a very slight 2% difference between the control and damaged bundles 
(Figure 3.2C) which was not significant (p>0.28) and concluded that the changes in bundle 
stiffness we observed were not caused by a loss of the extracellular links between 
stereocilia. 
3.3 Mechanical overstimulation results in damage to the F-actin of stereocilia 
Since we were unable to attribute the loss of bundle stiffness to a loss of links, we 
next decided to look at damage to the stereocilia in the bundles. Overall bundle morphology 
was unchanged as seen by SEM (Figure 3.2B) but damage to the F-actin of the stereocilia 
could change the mechanical properties of the bundle. Supporting this idea are studies 
showing damage to the F-actin at the base of stereocilia following noise exposure  
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Figure 3.2. Fluid-jet overstimulation does not cause a loss of links between 
stereocilia 
A, SEM micrograph showing the removal of hair cells to demarcate the experimental 
region (red) from the flanking control region (white). B, Representative SEM images 
of IHC stereocilia bundles from a cochlear explant. Upper panel is a control bundle 
from an unstimulated region of the explant. Lower panel is a bundle after fluid-jet 
overstimulation. Insets show tip-links between second and first row stereocilia at 
higher magnifications. C, Percentage of stereocilia pairs with intact tip-links. Bars 
show mean ± SEM values of combined data of 18 cells from 2 explants each. (n.s.) 
indicates no significance determined by a Student’s t-test.  
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(Engström et al, 1983; Liberman, 1987). However, these studies were examining the effects 
of PTS months after noise exposure. Only one study (Liberman and Dodds, 1987) looked 
at short term damage in TTS from noise exposure, in a mammal, and found no change in 
stereocilia ultrastructure aside from a slight shortening of the supracuticular rootlet. No 
previous study has examined the F-actin ultrastructure after in vitro overstimulation. 
To examine the immediate effects of overstimulation we quickly fixed the explants 
after removing them from the microscope stage. We then post-fixed in tannic acid, to 
improve the visualization of actin, before dehydration by freeze-substitution followed by 
resin embedding in Lowicryl. The explants were imaged using either TEM or FIB-SEM.  
The stereocilia from control IHCs appeared normal (Figure 3.3A) with parallel 
actin filaments. The supracuticular portion of the rootlets are not developed at this age 
(P4+2) but the cuticular rootlets are well developed and aligned with their stereocilium. In 
contrast, 43% of the stereocilia we imaged which had been overstimulated had submicron 
breaks in the F-actin at their base (Figure 3.3B red arrows). Unlike our findings with the 
links, the presence of these breaks in the damaged stereocilia, which we did not find in any 
control stereocilia, was highly significant (P < 0.001) and could explain the decrease in 
bundle stiffness observed after fluid-jet overstimulation. FIB-SEM serial sectioning 
allowed us to follow a break throughout the entire diameter of stereocilia (Figure 3.4) and 
we determined that the breaks do not completely transect the stereocilia. They are generally 
confined to a localized area near the periphery of the actin core and the stereocilia can 
remain supported by the unbroken F-actin. 
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Figure 3.3. Fluid-jet overstimulation causes breaks in the F-actin of stereocilia in 
vitro 
A, B, Representative FIB-SEM images of IHC stereocilia from cochlear explants. A, 
Stereocilia from unstimulated control bundles showing normal F-actin in the shafts 
and cuticular rootlets. B, Stereocilia from overstimulated bundles fixed immediately 
after overstimulation. Red arrows indicate breaks in the actin core. Black arrows 
indicate displacement of the stereocilium from its cuticular rootlet. Scale bars are 
200 nm (larger images) and 100 nm (smaller images). Age of explants: A, P4+2, B, 
P4+1 
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Figure 3.4. Breaks in the F-actin from overstimulation do not transect the 
stereocilia 
FIB-SEM 20 nm serial sections of unstimulated control (top) and overstimulated 
damage (bottom) stereocilia showing that breaks in the F-actin do not transect the 
entire width of the stereocilia. Scale bar is 500 nm. 
3.4 The submicron breaks in the F-actin are localized at the base of stereocilia 
Next, we went through the images to analyze the characteristics of the breaks. We 
examined the ultrastructure of 228 stereocilia from 11 overstimulated IHC bundles. On 
average we found breaks in the F-actin of 38% of the stereocilia in a bundle (Figure 3.5A). 
We also examined the ultrastructure of 756 stereocilia which had not been overstimulated 
(269 from 24 IHC bundles and 487 from 27 OHC bundles) and found no breaks in the F-
actin.  
We measured the size of the breaks longitudinally using the line measurement tool 
in ImageJ. The breaks were very small ranging in size from 11 to 71 nm with an average 
size of 27 nm. We also separated the breaks by row to see if the height of the stereocilia 
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Figure 3.5. Characterization of F-actin breaks in overstimulated stereocilia in 
vitro. 
A, Scatter plot diagram of the percentage of stereocilia with F-actin breaks per 
bundle. Bars show mean ± SEM value of combined data of 228 stereocilia from 11 
cells. (***) indicates a P value < 0.001 determined by a Student’s t-test. B, Scatter 
plot graphs of individual break sizes (nm) by row with overlay boxes showing the 
median value, 10th, 25th, 75th, and 90th percentiles. (n.s.) indicates no significance 
determined by a Student’s t-test. C, Scatter plot graphs of individual break distances 
by row with overlay boxes showing the median value, 10th, 25th, 75th, and 90th 
percentiles. (n.s.) indicates no significance, (*) indicates a P value < 0.05, (**) 
indicates a P value < 0.01 determined by a Student’s t-test. 
made any difference in the size of the breaks but found no significant difference. (Figure 
3.5B). We then quantified the location of the breaks by measuring from the inferior edge 
of the break to the cuticular plate. On average the breaks were located only 165 nm from 
the cuticular plate with the closest being 11 nm and the further 978 nm from the cuticular 
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plate. Unlike with the size of the breaks, the height of the stereocilia appeared to play a 
factor in the location of the break. The breaks in the 1st row stereocilia were located 
significantly further from the cuticular plate than those in the 2nd (P < 0.05) and 3rd (P < 
0.01) rows (Figure 3.5C). Note that because some of the data came from TEM images it 
was often not possible to determine which row a stereocilia belonged to and therefore not 
all breaks could be included in the row by row comparisons. 
3.5 Damage from overstimulation caused stereocilia to be displaced from their 
cuticular rootlets 
In addition to the breaks in the F-actin of the stereocilia core we also found a 
significant (P < 0.01) number of stereocilia which were displaced from their cuticular 
rootlets (Figure 3.3B black arrows). This pathology was present in an average of 21% of 
the stereocilia within an overstimulated IHC bundle but was not present in any 
unstimulated bundles. In the unstimulated bundles, the center of the cuticular rootlet is 
aligned with the center of the stereocilium (Figure 3.3A, Figure 3.6A, and Figure 3.7A). 
However, when the bundle has been overstimulated by a fluid-jet a stereocilium can 
become displaced and no longer aligned with its cuticular rootlet (Figure 3.6B). In some 
instances, the stereocilium can become completely dissociated from its cuticular rootlet 
(Figure 3.3B black arrows and Figure 3.7A). We measured the size of the displacement as 
the distance from the center of the rootlet, at the cuticular plate) to the center of the base of 
the stereocilium. Similar to our findings with the location of breaks within the actin core 
of stereocilia, the size of the displacement was significantly larger in taller stereocilia 
(Figure 3.7B). The average size of the displacement was only 41 nm and 83% of all 
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Figure 3.6. Overstimulation causes displacement of the stereocilium from its 
cuticular rootlet. 
A, B, Representative 3D reconstructions created from FIB-SEM serial sections of 
portions of IHC stereocilia bundles. Boxes indicate the region of the higher 
magnification shown in the lower panels. A, Unstimulated control bundle with no 
stereocilia displacement. B, Damage bundle which has been overstimulated by fluid-
jet causing some stereocilia to be displaced from their associated cuticular rootlet. 
Scale bars are 500 nm. 
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Figure 3.7. The amount of stereocilia displacement depends on the height of the 
stereocilia. 
A, Representative FIB-SEM images of IHC stereocilia from unstimulated control 
bundle (left) without displacement and from overstimulated damage bundle (right) 
showing stereocilia displaced from their rootlets after fluid-jet overstimulation. 
Interstereocilia spacing is reduced as displaced stereocilia are pulled closer together 
by the extracellular links connecting them. B, Scatter plot of the displacements of 
individual stereocilium relative to their cuticular rootlet by row. Bars show mean ± 
SEM of combined data. Displacements were measured from the center of the 
cuticular rootlet to the center of the stereocilia base. Positive values indicate 
displacement of the stereocilia towards the taller row stereocilia and negative values 
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indicate displacement towards the shorter row stereocilia. (*) indicates a P value < 
0.05, (***) indicates a P value <0.001 determined by Student’s t-test. 
displacements were under 100 nm in size but there were two much larger displacements 
measuring 243 nm and 232 nm found in 1st and 2nd row stereocilia respectively. We also 
noticed that these displacements were accompanied by a decrease in the interstereocilia 
spacing (Figure 3.7A). This suggests that there is tension in the extracellular links between 
the stereocilia in a bundle and that once the stereocilia were not anchored to by their 
cuticular rootlet the links pulled the stereocilia closer together.  
3.6 Damage to the stereocilia is repaired within 24 hours corresponding to the 
recovery of bundle stiffness 
Next, we explore whether the damage to the stereocilia ultrastructure from fluid-jet 
overstimulation is repairable. Bundle stiffness recovered 24 hours after overstimulation 
(Figure 3.1B) and so we would expect for the damage to the F-actin to also recover within 
24 hours. We examined 74 stereocilia from 6 IHC bundles which had been overstimulated 
and then given 24 hours to recover in the incubator at 37°C before being fixed. Just as in 
the stereocilia from the unstimulated bundles we found no breaks in the F-actin and no 
displaced stereocilia (Figure 3.8).  
We concluded that the submicron breaks in the actin core, as well as the 
displacement of stereocilia from their associated cuticular rootlets, recover within 24 hours 
after the damage. These breaks and displacements of stereocilia seem to be the primary 
cause of the decrease in bundle stiffness observed immediately after fluid-jet 
overstimulation. This conclusion is supported by the repair of stereocilia F-actin and the 
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realignment of stereocilium with their cuticular rootlets concomitant with the recovery of 
bundle stiffness within 24 hours after overstimulation. 
 
Figure 3.8 Repair of stereocilia damage occurs within 24 hours of damage 
Representative TEM images of stereocilia from overstimulated bundles given 24 
hours in the incubator at 37°C after overstimulation before being fixed. Scale bars 
200 nm (larger images) and 100 nm (smaller images). 
3.7 Damage to the stereocilia ultrastructure from noise exposure causing TTS is 
mostly repaired after 24 hours 
The results of our in vitro experiments suggested that mechanical overstimulation 
can cause repairable damage to the F-actin of stereocilia in the rootlet region which 
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corresponds to changes in bundle stiffness. This comported with the findings of transient 
decreases in bundle stiffness in chick (Duncan and Saunders, 2000) and guinea pig 
(Saunders and Flock, 1986) hair bundles after fluid-jet overstimulation. However, with the 
exception of an observation of a small amount of shortening of the supracuticular rootlet 
(Liberman and Dodds, 1987), damage to the F-actin of stereocilia was only demonstrated 
in noise exposure sufficient to cause PTS (Engström et al., 1983; Liberman, 1987; Tilney 
et al., 1982).   
Therefore, we next sought to examine whether temporary NIHL from moderate 
noise exposure could involve the same type of damage we observed in response to in vitro 
fluid-jet overstimulation. Following our labs established protocols for TTS we exposed 
mice aged P19-22 to a broadband noise at 100 dB SPL for 30 minutes. Auditory brainstem 
responses (ABRs) demonstrated elevated threshold shifts immediately after noise 
exposure. As expected in temporary NIHL, by 2 weeks post noise exposure the threshold 
shifts had recovered in a frequency specific manner. Thresholds for frequencies above 16 
kHz remained elevated by more than 20 dB SPL while thresholds for frequencies at or 
below 16 kHz were only slightly elevated from pre-noise exposure measurements, 
consistent with normal age-related hearing loss (Figure 3.9). 
We limited our inquiry to the mid-apex of the organ of Corti which corresponds 
tonotopically to the 8 to 16 kHz region of hearing in which threshold shifts after noise 
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Figure 3.9 Auditory Brainstem Responses demonstrate temporary threshold shifts 
after moderate acoustic trauma 
Mice were exposed to 100 dB SPL of broadband noise for 30 minutes. Immediately 
after noise exposure hearing thresholds were elevated at all frequencies compared to 
thresholds determined prior to noise exposure. The threshold shift was slightly less 
than 20 dB at 8 kHz but was near 50 dB for all other frequencies tested. The threshold 
shifts at lower frequencies, corresponding to the mid-apex region of the organ of 
Corti were temporary and recovered by 2 weeks after acoustic insult. Threshold shifts 
at higher frequencies did not recover completely and showed a permanent threshold 
shift of ~15 dB. Inset shows hearing threshold values at each frequency for naïve 
(square), noise-damaged (triangle), and recovery (circle). Bars show mean ± SEM 
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for combined data from 6 mice and includes data collected by Dr. Desislava 
Marinkova. 
exposure recovered. To try to ensure that any damage we observed after noise exposure 
was the result of mechanical trauma rather than any cellular processes, we euthanized the 
mice immediately after noise exposure.  
Although our in vitro experiments focused on damage to IHCs we first looked for 
damage among OHC stereocilia following noise exposure. This was due to the well-
established susceptibility of OHCs to damage from noise exposure. Additionally, within 
the frequency range we examined, the threshold shifts we observed after noise exposure 
were within the ~40 dB range expected with a loss of OHC function.  
We examined the ultrastructure of 126 OHC stereocilia from naïve mice, 262 OHC 
stereocilia from noise exposed mice sacrificed immediately after noise exposure and 93 
stereocilia from noise exposed mice given 24 hours recovery time prior to euthanasia. As 
in our control in vitro samples we did not find breaks in the F-actin core of OHC stereocilia 
in naïve mice with no noise exposure (Figure 3.10A). In the OHC stereocilia of mice 
sacrificed immediately after noise exposure we found submicron breaks resembling those 
we observed in vitro after fluid-jet overstimulation (Figure 3.10B red arrows).  
The breaks were found in 27% of stereocilia per bundle in the OHCs of noise 
exposed mice (Figure 3.10D). Although this occurrence is less frequent than the occurrence 
of the breaks found in IHC stereocilia after fluid-jet overstimulation in vitro, the difference 
in occurrences was not significant (P > 0.5).  
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Figure 3.10. Damage to OHC stereocilia in TTS after noise exposure 
A-C, Representative FIB-SEM images of OHC stereocilia. A, Stereocilia from naïve 
control bundles. B, Stereocilia from noise damaged bundles. Red arrows indicate 
breaks in the F-actin core. Black arrows indicate stereocilia displacement. C, 
Stereocilia from noise damaged bundles given 24 hours recovery time prior to 
euthanasia. Black arrows indicate stereocilia displacement. Scale bars are 200 nm 
(larger images) and 100 nm (smaller image). D, Scatter plot graph of damaged 
stereocilia with breaks in the F-actin core per bundle. Bars are mean ± SEM. (**) 
indicates P value < 0.01 as determined by Student’s t-test. 
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There was a very significant difference (P < 1 x 10-6) in the size of the breaks compared 
we what found in vitro. The average size of the breaks in the noise exposed OHC stereocilia 
was only 20 nm which sometimes made visualizing them difficult. However, since we did 
not do overstimulation of OHC stereocilia in vitro it is difficult to make an informed 
comparison given the structural differences between IHC and OHC stereocilia. 
Additionally, we found that the breaks in these OHC stereocilia were located significantly 
(P < 1 x 10-12) closer to the cuticular plate (70 nm on average) than those in the fluid-jet 
overstimulated IHCs (165 nm on average). As with the difference in break sizes however, 
it is not possible to meaningfully compare these results due to the differences in structure. 
Similar to our in vitro experiments, there were no significant differences found among the 
rows in terms of break sizes (Figure 3.11A) or distance of the break from the cuticular plate 
(Figure 3.11B). Recovery of the stereocilia core in OHCs appears to be complete within 24 
hours after noise exposure as we found no breaks in the F-actin in those OHC stereocilia 
(Figure 3.10C). 
We also noticed stereocilia which were displaced from their rootlets (Figure 3.10B 
black arrow). However, there were some notable, but not always significant, differences 
between the displacements in OHCs in vivo and those found in IHCs after in vitro fluid-jet 
overstimulation. First, they occurred less frequently and were only found in 17% of 
stereocilia per bundle in the noise-exposed mice and there did not appear to be any recovery 
from the displacements after 24 hours (Figure 3.10C black arrows). Second, the 
displacements were found only in the 3rd row stereocilia and the displacement distance was 
significantly (P < 0.001) smaller in the in vivo OHCs (54 nm on average) than the 
displacements in the 3rd row of IHC stereocilia in vitro (68 nm on average). 
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Figure 3.11. Row by row comparison of break characteristics in bundles of OHC 
stereocilia after noise exposure 
A, Scatter plot graphs of individual break sizes (nm) by row in noise exposed OHCs 
with overlay boxes showing the median value, 10th, 25th, 75th, and 90th percentiles. 
(n.s.) indicates no significance determined by a Student’s t-test. C, Scatter plot graphs 
of individual break distances by row in noise exposed OHCs with overlay boxes 
showing the median value, 10th, 25th, 75th, and 90th percentiles. (n.s.) indicates no 
significance, determined by a Student’s t-test. 
3.8 IHC stereocilia have a different ultrastructure pathology after noise 
exposure causing TTS than is seen in OHCs or in in vitro overstimulation of IHCs. 
Our final analysis was of the in vivo IHC stereocilia. We examined 57 IHC 
stereocilia from naïve mice, 165 IHC stereocilia from noise exposed mice sacrificed 
immediately after noise exposure, and 154 IHC stereocilia from noise exposed mice given 
a 24-hour recovery time before euthanasia. We found that there were some striking 
ultrastructure pathologies of in vivo IHC stereocilia after noise exposure that were not seen 
in the overstimulated in vitro IHC stereocilia. The similarities between the two are that 
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control stereocilia appeared normal (Figure 3.12A) and that the stereocilia of noise exposed 
mice had breaks in the F-actin at their base (Figure 3.12B red arrows).  
The prevalence of the breaks was slightly less than after in vitro overstimulation 
averaging 20% of stereocilia per bundle (Figure 3.12D) but the difference was not 
significant (Figure 4.1A). The break characteristics were similar between in vitro and in 
vivo damaged IHCs with the exception of their locations (Figure 4.1B and Figure 4.1C). 
The breaks in the in vivo IHC stereocilia immediately after noise exposure were 
significantly (P < 0.001) closer to the cuticular plate (96 nm on average) than in the in vitro 
damage IHC stereocilia (145 nm on average). There were no significant differences in 
terms of break sizes (Figure 3.12G) and locations (Figure 3.12H) between rows of 
stereocilia in the in vivo noise damaged IHCs which was the same as the in vitro 
overstimulated IHC stereocilia. 
Although the breaks were largely very similar between the damage in vivo and in 
vitro IHC stereocilia, the breaks in vivo did not appear to recover by the 24-hour timepoint 
(red arrows in Figure 3.12C and Figure 3.12D). The exception to this was in the 3rd row 
stereocilia which had no breaks 24 hours after noise exposure. Interestingly, although the 
differences were not significant, the breaks are larger after 24 hours (32 nm on average) 
and it is visually apparent compared to the stereocilia immediately after noise (26 nm on 
average). Additionally, after 24 hours the breaks are located a bit further from the cuticular 
plate (120 nm on average) compared to the stereocilia immediately after noise (96 nm on 
average). Another notable difference was a dearth of displaced stereocilia after noise 
exposure. We found only 3 displaced stereocilia in noise exposed IHC bundles and none 
were found in bundles given 24 hours to recover. 
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Figure 3.12 Damage to IHC stereocilia in vivo from noise exposure causing TTS 
A-C, Representative TEM and FIB-SEM images of IHCs from young adult mice. A, 
Representative TEM images of IHC stereocilia from naïve control bundles. B, 
Representative FIB-SEM images of IHC stereocilia from noise damaged bundles 
with red arrows indicating breaks in the F-actin. C, Representative FIB-SEM images 
of IHC stereocilia from noise damaged bundles given 24 hours recovery time with 
red arrows indicating breaks in the F-actin. Scale bars are 200 nm (larger images) 
and 100 nm (smaller images). D, Scatter plot graph of damaged stereocilia with 
breaks in the F-actin core per bundle. Bars are mean ± SEM. (**) indicates P value 
< 0.01, n.s. indicates no significance as determined by Student’s t-test. E, Scatter plot 
graph of damaged supracuticular rootlets with “shattered” phenotype seen in Noise 
stereocilia in B on the left and “hollow” seen in Recovery stereocilia in C on the 
right. Bars are mean ± SEM. (***) indicates P value < 0.001, (**) indicates P value 
< 0.01, n.s. indicates no significance as determined by Student’s t-test. F, Bar graph 
comparing the percentage of the stereocilia taken up by its rootlet at the base of the 
IHC stereocilia. Bars are mean ± SEM. (**) indicates P value < 0.01, n.s. indicates 
no significance as determined by Student’s t-test. G Scatter plot graphs of individual 
break sizes (nm) by row in noise exposed  and recovery IHCs with overlay boxes 
showing the median value, 10th, 25th, 75th, and 90th percentiles. H, Scatter plot graphs 
of individual break distances by row in noise exposed and recovery IHCs with 
overlay boxes showing the median value, 10th, 25th, 75th, and 90th percentiles.  
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The most striking difference in the ultrastructure pathology occurred with the 
supracuticular rootlets of the taller row IHCs in vivo. There were two different abnormal 
structural variations observed which we termed “shattered” and “hollow” based on their 
appearance (Figure 3.12B and Figure 3.12C). There was remarkable consistency in the 
presentation of these two variations: the “shattered” supracuticular rootlets were only found 
in IHC stereocilia immediately after noise exposure and the “hollow” supracuticular 
rootlets were only found in IHC stereocilia 24 hours after noise exposure (Figure 3.12E). 
Moreover, these structural variations in the supracuticular rootlet were present in every 
single 1st row stereocilia imaged. Additionally, two 2nd row stereocilia in recovery samples 
had the “hollow” supracuticular rootlet. Finally, we also noticed that the “hollow” rootlets 
appeared thinner at the base of the stereocilia where normal rootlets are the thickest 
(Furness et al., 2008). We compared the widths of the rootlets at the base of 1st row 
stereocilia as a percentage of the width of the base of the stereocilia. We confirmed that the 
“hollow” supracuticular rootlets are significantly (P < 0.01) narrower (39% on average) 
relative to the width of the stereocilia at the base than the “shattered” supracuticular rootlets 
(47% on average) (Figure 3.12F). 
From our in vivo experiments we concluded that damage to the stereocilia 
ultrastructure is a component of temporarily elevated auditory thresholds after moderate 
noise exposure. Our results show that there are processes which effect repair for this type 
of damage after acoustic trauma. The repair is not complete 24 hours after noise exposure, 
but we expect the recovery is complete once hearing thresholds have recovered. 
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CHAPTER 4. DISCUSSION 
The hair cell stereocilia bundles are the most visually striking feature of the auditory 
sensory system and there continues to be many unanswered questions regarding their 
structure and function. As the mechanosensitive apparatus of the hair cells, the importance 
of healthy stereocilia has long been acknowledged and changes in the morphology of the 
stereocilia bundle is considered to be a hallmark of both temporary and permanent hearing 
loss (Liberman and Beil, 1979; Nikaido 1992; Wang et al., 2011). Additionally, in vitro 
studies of bundle dynamics have demonstrated decreases in bundle stiffness following 
mechanical overstimulation (Szymko et al., 1995; Saunders et al., 1986) which in other 
studies has been found to be reversible (Duncan and Saunder, 2000; Saunders and Flock, 
1986).  
However, while the loss of bundle stiffness is suggestive of stereocilia bundle 
damage, and the recovery of stiffness is suggestive of repair, no one has looked at damage 
to the stereocilia ultrastructure from mechanical overstimulation. Examination of the 
ultrastructure after acoustic trauma has almost exclusively been limited to PTS. Indirect 
examination of damage to the actin core using fluorescent labeling of F-actin (Avinash et 
al., 1993; Belyantseva et al., 2009) and direct examination of the ultrastructure (Engström 
et al, 1983; Liberman, 1987; Thorne et al., 1986; Tilney et al., 1982) have shown damage 
to the F-actin of stereocilia and their rootlets after acoustic trauma. Each of those studies 
showed significant pathologies in stereocilia structure but only examined acoustic trauma 
sufficient to cause PTS and therefore found no evidence of repair. Only a single study 
looking at TTS in cats (Liberman and Dodds, 1987) has explored stereocilia ultrastructure 
with TEM following moderate acoustic trauma and showed only the presence of shortened 
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supracuticular rootlets and evidence suggesting that the shortening of the rootlet was 
partially recoverable.  
We hypothesized that damage to the F-actin of stereocilia and rootlets is the 
underlying cause of changes in bundle stiffness and morphology following mechanical and 
acoustical overstimulation and that observations of recovery from these pathologies 
indicates the presence of an unknown mechanism for repair. Our results include the first 
observation of F-actin damage following mechanical overstimulation in vitro and 
demonstrate that this damage is quickly repaired within 24 hours (Figures 3.3 through 3.8). 
Additionally, we were able to show that damage similar to that seen in our in vitro 
experiments is also found in the stereocilia of IHCs located in the frequency region of the 
organ of Corti which exhibited TTS after moderate acoustic trauma, and that the 
supracuticular rootlet may play a role in the repair of this damage (Figures 3.9 through 
3.12). Damage to the F-actin of stereocilia, and the repair of that damage, is a novel 
component of temporary noise-induced hearing loss. 
 
4.1 How does mechanical overstimulation cause a decrease in bundle stiffness? 
Our results suggest that observed decreases in bundle stiffness from mechanical 
overstimulation in vitro (Szymko et al., 1995; Saunders et al., 1986; Duncan and Saunders, 
2000; Saunders and Flock, 1986) may be the result of damage to F-actin at the base of 
stereocilia. Each of these studies proposed that the decreases in bundle stiffness were due 
to either damage to the F-actin at the base of the stereocilia or damage to the 
interconnecting links between the stereocilia.  
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In 2000 Duncan and Saunders, working with fluid-jet overstimulation of isolated 
chick hair cells, concluded that the bundle stiffness change was not caused by broken links 
but rather damage to the actin core or rootlet. This conclusion was based upon studies 
showing that ablation of links between stereocilia resulted in a reduction in relative and 
asymmetric motion of the stereocilia (Duncan et al., 1998; Eisen at al., 1999) which they 
did not observe. Our results also support the conclusion of Duncan and Saunders that the 
decrease in bundle stiffness after mechanical overstimulation is not caused by a loss of 
interstereocilia links within the bundle (Figure 3.1 and 3.2). The contribution of a loss of 
links was always an attractive hypothesis because we know that the tip-links are part of the 
mechanoelectrical transduction apparatus of stereocilia (Pickles et al., 1984; Beurg et al., 
2009) and that they can be broken by noise exposure (Pickles et al., 1987; Kurian et al., 
2003; Husbands et al., 1999). Additionally, other studies have observed that the links 
between stereocilia are an important component of bundle stiffness in both chick 
(Bashtanov et al., 2004) and mammalian (Goodyear et al, 2005; Beurg et al., 2008) sensory 
hair cells. We also know that tip-links can regenerate which fits with the observed transient 
nature of the reduction in bundle stiffness (Zhao et al, 1996; Indzhykulian et al., 2013). 
Despite this, our results in this study demonstrate that mechanical overstimulation 
sufficient to cause a significant decrease in bundle stiffness did not result in a significant, 
or even noticeable, decrease in the number of stereocilia links as determined by counting 
tip-links in SEM micrographs of the bundles. This finding agrees with previous 
observations that mechanical overstimulation sufficient to disrupt bundle morphology is 
generally required to break tip-links (Clark and Pickles, 1996). 
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Although Duncan and Saunders proposed that the decrease in bundle stiffness 
which they observed following fluid-jet overstimulation was caused by damage to the F-
actin of the stereocilia, they did not examine the ultrastructure of the stereocilia and it has 
remained educated conjecture up until now. Indeed, no previous study has examined the 
F-actin of stereocilia after fluid-jet overstimulation. By using TEM and FIB-SEM to 
examine the F-actin ultrastructure of stereocilia after fluid-jet overstimulation in vitro, we 
have been able to provide evidence for this hypothesis by showing that damage to the F-
actin at the base of stereocilia is only present after overstimulation when bundle stiffness 
is decreased. This supports the contribution of the highly crosslinked paracrystalline F-
actin core to the rigidity of stereocilia (DeRosier et al., 1980; Tilney et al., 1980; Krev et 
al., 2016) and suggests that this rigidity is a significant contributor to the overall stiffness 
of the stereocilia bundle. 
It is not surprising that we found damage to the F-actin core at the tapered base of 
the stereocilia (Figure 3.5), the pivot point (Flock et al., 1977) where the greatest amount 
of mechanical stress from overstimulation would be found. The stereocilia rootlet has been 
shown to be essential for bundle stiffness (Hudspeth, 1983; Howard et al., 1988; Pickles, 
1993). Further evidence supporting the role of rootlets in bundle stiffness came from a 
previous study in our lab in which mice unable to develop rootlets, due to TRIOBP-4 and 
TRIOBP-5 deficiencies, were compared to wild-type mice and the stereocilia bundles of 
the mice without rootlets were found to be less stiff (Kitajiri et al., 2010). The mechanical 
stress was further exacerbated in our in vitro experiments due to the young postnatal mouse 
explants we used not yet having a fully mature rootlet. Without a supracuticular rootlet the 
fluid-jet overstimulation frequently caused displacement of stereocilia from their 
99 
 
anchoring cuticular rootlets (Figures 3.5 through 3.7). Given that the breaks in the F-actin 
core did not completely transect the stereocilia (Figure 3.4) it is entirely possible that the 
change in bundle stiffness is caused more by the displacement of the stereocilia from their 
anchoring rootlets (Tilney et al., 1983) than by the small breaks in the F-actin core. 
Although it is not possible to culture explants from older mice, repeating the fluid-jet 
experiments on freshly isolated organ of Corti tissue of older mice with more mature 
stereocilia containing a supracuticular rootlet could be illuminating. One might suspect that 
the decrease in bundle stiffness following fluid-jet overstimulation would be less severe in 
more adult bundles, in which the stereocilia with a supracuticular rootlet are less often 
displaced by overstimulation. Regardless of the degree each contributes to the end result, 
the breaks in the F-actin core of the stereocilia as well as the displacement of the rootlets 
correlate to the observed decrease in bundle stiffness and strongly supports our hypothesis.    
Based on our findings in this study we can also say that there is a repair mechanism 
which is capable of restoring the normal structure of the F-actin core at the base of 
stereocilia (Figures 3.5 and 3.8). Additionally, the restoration of the normal stereocilia 
ultrastructure by this repair mechanism occurs within 24 hours after damage and 
corresponds to the recovery of bundle stiffness after overstimulation in this same 
timeframe. Potential mechanisms for this repair are discussed in section 4.4. 
The presence of a repair mechanism was always a logical consequence of bundle 
stiffness recovery if the loss of stiffness was caused by damage to the F-actin at the base 
of stereocilia. The confirmation that the observed loss of stiffness was indeed due to F-
actin damage, and that this damage is indeed repaired, is a major finding of this study. 
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4.2 Is repairable damage to F-actin in stereocilia a component of the temporary 
NIHL? 
Our results demonstrate that the overstimulation of stereocilia by moderate noise 
exposure causing temporary threshold shifts damages the F-actin of the stereocilia. 
Previous studies of damage to the F-actin in stereocilia from noise exposure via fluorescent 
labeling (Avinash et al., 1993; Belyantseva et al., 2009) and TEM micrographs (Engström 
et al, 1983; Liberman, 1987; Thorne et al., 1986; Tilney et al., 1982) limited their 
observations to noise exposure sufficient to cause permanent damage. Although we did not 
examine recovery past 24 hours, we investigated only the hair cells within the frequency 
range that exhibits the complete recovery of hearing thresholds within two weeks after 
noise exposure, suggesting that the damages to the F-actin are completely recoverable in 
these cells. 
The breaks in the F-actin of the stereocilia seen immediately after noise exposure 
are very similar to the breaks in the F-actin of the stereocilia we observed in vitro 
immediately after fluid-jet overstimulation (Figure 4.1). The in vivo breaks were not 
completely repaired by the 24-hour timepoint in which we saw complete repair of the 
breaks in vitro. However, the in vitro bundle stiffness had recovered within 24 hours after 
fluid-jet overstimulation but hearing thresholds are not recovered as quickly after noise 
exposure. If this damage to the F-actin is a component of the TTS, then it is not surprising 
that the damage is not repaired as quickly in vivo as it is in vitro.  
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Figure 4.1 Comparisons between in vitro and in vivo breaks in the F-actin of 
stereocilia 
A Percentage of stereocilia with breaks in the F-actin of stereocilia per bundle. B, 
Size of breaks in the F-actin of stereocilia core. C, Distance of the breaks from the 
cuticular plate. All graphs show mean ± SEM. (n.s.) indicates no significance, (*) 
indicates P value < 0.05, (***) indicates P value < 0.001 as determined by Student’s 
t-test. 
Further evidence that the damage seen in vivo after noise exposure would be 
repaired after 24 hours comes from studies of bundle dysmorphology in TTS (Nikaido 
1992; Wang et al., 2011). Prior to our study this type of damage to the stereocilia 
ultrastructure had not been visualized, but some type of damage to the F-actin of the 
stereocilia could be reasonably inferred by the stereocilia disarray seen in previous studies 
(Nikaido 1992; Wang et al., 2011). The eventual recovery of bundle morphology suggests 
that the underlying damage has been repaired (Wang et al., 2011).  
Additionally, we suggest that the “hollow” supracuticular rootlet we observed 24 
hours after noise exposure is part of the repair process. Following the damage to the 
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supracuticular rootlet which causes the observed “shattered” appearance immediately after 
noise exposure, the TRIOBP-4 which bundles the F-actin of the supracuticular rootlet may 
become displaced. The F-actin crosslinkers of the stereocilia core, which are very dynamic 
(Roy and Perrin, 2018), appear to reorganize the F-actin above the remaining portion of 
the supracuticular rootlet. Normally TRIOBP-4 is present in the stereocilia shaft, in the 
region where the supracuticular rootlet will be, long before the supracuticular rootlet has 
actually formed (Katsuno et al., 2019). At some point during development, the organization 
of the F-actin in the region of the supracuticular rootlet changes and instead of being 
crosslinked like the rest of the actin core the filaments are bundled by TRIOBP-4. Although 
we do not know the signal that causes this change in filament organization, I would 
speculate that the presence of TRIOBP-4 prior to this reorganization suggests that there is 
an interaction between TRIOBP-4, the F-actin and the crosslinkers in the region of 
supracuticular rootlet before the rootlet is formed. This preexisting interaction could be 
essential to the smooth transition from the paracrystalline organization of the actin core to 
the tightly bundled actin filaments of the supracuticular rootlet. If TRIOBP-4 indeed 
becomes displaced with the disruption of the supracuticular rootlet, de novo TRIOBP-4 
may diffuse into the area to rebuild the supracuticular rootlet. The paracrystalline F-actin 
organization which was constructed by rapid turnover of crosslinkers in the absence of 
TRIOBP-4 may need to be deconstructed and reconstituted in the presence of TRIOBP-4 
to replace the damaged supracuticular rootlet. Staining of the stereocilia shaft for the 
presence of TRIOBP-4 immediately after acoustic overstimulation could determine 
whether an interaction between TRIOBP-4 and the crosslinkers in the stereocilia F-actin 
core is part of the mechanism of repair. 
103 
 
 Interestingly, in vivo damage and recovery was different between the IHC and 
OHC stereocilia. Although the percentage of stereocilia per bundle which were damaged 
was similar between the IHC and OHC bundles, the breaks in the OHC stereocilia were 
significantly smaller and closer to the cuticular plate (Figure 4.1) and lacked the observe 
damage to the supracuticular rootlet. Additionally, breaks in the OHC stereocilia were 
completely recovered after 24 hours similar to our in vitro experiments in IHCs while the 
noise-induced breaks in the IHC stereocilia did not recover in this timeframe (Figures 3.10 
& 3.12). Unfortunately, as previously described, difficulties in carrying out the in vitro 
experiments on OHC stereocilia bundles as we did with IHC stereocilia bundles keeps us 
from being able to draw a direct comparison between in vitro and in vivo experiments in 
the case of OHC stereocilia. What we do know is that measurements of bundle stiffness in 
isolated guinea pig cochlea showed that OHC bundles are significantly stiffer than IHC 
bundles (Strelioff and Flock, 1984). Given the function of OHCs as cochlear amplifiers, 
with their 1st row stereocilia embedded in the tectorial membrane, it makes sense that their 
stereocilia would be stiffer. I would hypothesize that during exposure to moderate intensity 
acoustic trauma the stiffer OHC stereocilia bundles may not experience the same damaging 
degree of deflection that the more pliant IHC stereocilia bundles suffered. Thus, the breaks 
found in the OHC stereocilia were smaller and more easily repaired and the supracuticular 
rootlets were not damaged. 
 
4.3 Our results support findings of TTS in cats from more than 30 years ago 
At first glance our results appear to be in conflict with the only other study which 
has examined stereocilia ultrastructure from moderate noise exposure causing TTS 
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(Liberman and Dodds, 1987). In their study they found a shortening of the supracuticular 
rootlet as the sole stereocilia pathology. We believe that the apparent discrepancies 
between the two studies is illusory and that our findings support those of Liberman and 
Dodds.  
The first apparent discrepancy is that we observed breaks in the F-actin 
perpendicular to the filaments which Liberman and Dodds did not observe. The most likely 
culprit is the difference in imaging techniques employed by each study. We were able to 
observe these breaks by serial sectioning perpendicular to the reticular lamina thereby 
visualizing a, mostly, longitudinal section through the stereocilia and collecting images 
every 20 nm with the FIB-SEM. Liberman and Dodds did all of their sectioning parallel to 
the reticular lamina which would have made it very difficult to see breaks that were in the 
same plane. Additionally, the limitations of ultrathin sectioning in 1987 means that 
Liberman and Dodds were making their observations with sections that were 70 to 90 nm 
thick. This technique permitted Liberman to observe large areas of F-actin damage in PTS 
(Liberman, 1987) but these breaks are much smaller, averaging just 20 nm in OHCs and 
26 nm in IHCs, and it would have been virtually impossible to have imaged them using 
this technique.  
An additional difference between the electron microscopy in our study and theirs is 
in the choice of staining agents. We used a 1% tannic acid post fix which aids in the 
visualization of actin filaments (Begg et al., 1978; LaFountain et al., 1977). This may have 
aided our ability to visualize smaller changes in the F-actin but the effects are likely 
insignificant compared to the advantage of longitudinal sectioning in our study. We also 
did not use Osmium Tetroxide or Lead Citrate, both common electron microscopy stains 
105 
 
used by Liberman and Dodds. However, these stains primarily provide contrast and 
stabilization of lipid and glycoproteins and are unlikely to have contributed to the 
differences in findings between the two studies. 
The other apparent discrepancy is the difference in supracuticular rootlet 
pathologies between the two studies. We observed “shattered” and “hollow” rootlets and 
Liberman and Dodds observed “shortened” rootlets. Although we cannot prove a 
connection between these pathologies, we can infer a plausible hypothesis by comparing 
the study designs beginning with the assumption that the noise exposure used in the two 
studies created equivalent damage to the stereocilia. Our study confirmed an established 
noise exposure protocol used in our lab to reliably generate TTS and then used that protocol 
to noise expose the mice for our imaging study. We euthanized the mice in our imaging 
study within a minute of ending the noise exposure and therefore did not test them for 
elevated thresholds. It was in these mice that we observed the “shattered” supracuticular 
rootlets. By contrast, single unit recordings were sampled in the cats for several hours after 
noise exposure in the study by Liberman and Dodds. The two cats in which this “shortened” 
supracuticular rootlet pathology was found were not euthanized until 6 and 13.5 hours after 
noise exposure. Our second group of noise exposed mice which had the “hollow” 
supracuticular rootlets were given 24 hours to recover after noise exposure before being 
euthanized for imaging. We believe these results suggest a continuum between the 
“shattered” and “hollow” pathologies with the “shortened” pathology as an intermediate.  
Immediately after the cessation of noise exposure we observed the “shattered” 
pathology. As seen in Figure 3.12B, the upper portion of the supracuticular rootlet is shorter 
and near the periphery of the stereocilia there are areas of increased actin filament density 
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similar to what one normally sees in the rootlet. This gives the appearance that the 
supracuticular rootlet has shattered into fragments. In reality, what has likely occurred is 
that the actin filaments within the stereocilia core were sliding relative to one another 
(Tilney et al., 1983). The shearing force from the repeated and prolonged intense 
deflections caused by the noise exposure would likely have broken the crosslinkers 
between the filaments, disrupting their normal spacing and resulting in the localized areas 
of increased F-actin density that we observed.  
The rapid turnover of the crosslinkers (Roy and Perrin, 2018) would quickly restore 
the normal appearance of F-actin core. This would explain why these patchy areas of 
increased filament density were not observed by Liberman and Dodds at their earliest 
timepoint 6 hours after noise exposure, as well as why they were not observed in our 
imaging of stereocilia fixed 24 hours after noise exposure. The only difference between the 
“shortened” appearance of the supracuticular rootlet seen by Liberman and Dodds and the 
“shattered” appearance of the supracuticular rootlet we observed is that in the 6 hours 
before Liberman and Dodds applied a fixative to the tissue the F-actin crosslinkers had 
been restored.    
Another interesting finding by Liberman and Dodds was that the supracuticular 
rootlet was shorter in the cat euthanized 13.5 hours post noise than in the cat euthanized 6 
hours post noise. The shorter supracuticular rootlets found 13.5 hours may lend support to 
our idea that the “hollow” rootlet pathology we observed at 24 hours is the result of F-actin 
depolymerization prior to the rebuilding of the supracuticular rootlet. The final bit of 
evidence for this hypothesis is supplied by Liberman and Dodds in the reexamination of 
serial sections from the PTS study (Liberman, 1987) which showed the presence of 
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supracuticular rootlets with intermediate heights between those found in acutely damaged 
and undamaged stereocilia. This shows that the supracuticular rootlet can be rebuilt 
following noise exposure but that it does not return to a normal height in cases of PTS. 
 
4.4 How does repair occur despite the apparently stable F-actin in the stereocilia 
core 
One of the unique features of stereocilia is their incredibly stable F-actin. Like F-
actin in similar cytoskeletal structures such as microvilli and filopodia, the F-actin in 
stereocilia is polarized with the ‘barbed’ end located just under the plasma membrane at 
the tips of stereocilia and the ‘pointed’ end at the base of the stereocilia (Flock and Cheung, 
1977). Typically this would mean that in order to maintain a steady length, polymerization 
via the addition of G-actin to the existing F-actin would occur at the ‘barbed’ end at the 
same rate as depolymerization via the removal of G-actin from the F-actin would occur at 
the ‘pointed’ end, a phenomenon termed ”treadmilling” (Fujiwara et al, 2002). This would 
lead to fairly rapid turnover of the F-actin in the stereocilia core if it occurred. However, a 
great deal of evidence suggests that this does not occur in mammalian stereocilia except 
within a small region at the tips.  
A multi-isotope imaging mass spectrometry examination of the 14N to 15N ratio in 
frog and mice fed a 15N labeled diet showed that while extensive protein turnover occurs 
in the body of the hair cell and a the tips of the stereocilia, the majority of protein within 
the shaft of the stereocilia is stable even over a time course of months (Zhang et al., 2012). 
To determine whether the portion of the stereocilia shaft protein content which exhibited 
turnover was actin, conditional cre-mediated recombination was used to knock out the 
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expression of either β-actin or γ-actin in adolescent mice. Using isoform specific antibodies 
it was observed that although the deleted isoform was quickly absent elsewhere in the hair 
cell, including the tips of the stereocilia, it was still present in the shafts of the stereocilia 
even several months later indicating that actin is the stable protein fraction in stereocilia 
shafts (Zhang et al., 2012). Further support for the stability of the F-actin core is found in 
a study which conditionally induced GFP-β-actin expression in adolescent mice. The GFP-
β-actin was localized to the tips of the stereocilia and was not present in the stereocilia 
shafts even with several months of continued expression (Narayanan et al., 2015). In the 
same study in vitro photobleaching of the stereocilia of IHCs in mice expressing GFP-β-
actin exhibited a recovery of fluorescence only in the tips and not within the shaft 
(Narayanan et al., 2015). This trend holds true in the stereocilia of vestibular hair cells as 
well (Zhang et al., 2012; Drummond et al., 2015). The question becomes how does 
damaged F-actin in the stereocilia shaft repair when actin turnover only occurs at the tips 
of the stereocilia? 
Although the breaks we observed appear empty we know that it is not just empty 
space. Noise-induced gaps in the fluorescent labeling of F-actin in guinea pig IHC 
stereocilia stained strongly for DNase 1 which is a marker for G-actin (Belyantseva et al., 
2009). It is possible that the G-actin in these breaks are polymerized into F-actin thus 
restoring the paracrystalline structure of the actin core. In fact, a photobleaching study of 
actin turnover in the stereocilia of developing zebrafish supports this idea. In the study, a 
band in the midsection of stereocilia bundles was photobleached in transgenic zebrafish 
expressing mCherry labeled β-actin in their stereocilia. Over the course of 30 hours 
recovery of fluorescence occurred within the photobleached band but the location of the 
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band remained static (Hwang et al., 2015). Although this kind of actin turnover appears to 
be limited to the tips of stereocilia in mammals, the mechanism by which it occurs may be 
the same.  
Normally, F-actin is polymerized by joining together a chain of G-actin monomers 
and although the affinity for actin polymerization and depolymerization is greatest at the 
‘barbed’ and ‘pointed’ ends respectively, it also happens the other way around (reviewed 
in Fujiwara et al., 2018). Indeed, under physiological conditions in the presence of ADF 
depolymerization at the barbed end of F-actin has been demonstrated (Wioland et al., 
2017). This makes sense in light of the turnover of actin observed in mammals at the tips 
of the stereocilia, without concomitant treadmilling of the F-actin in the shafts of the 
stereocilia, suggests that depolymerization at the ‘barbed’ end may be very normal even in 
mammalian stereocilia. Additionally, a study of Drosophila bristles, which contain a highly 
crosslinked paracrystalline F-actin scaffold similar to stereocilia, showed that the 
disassembly of the F-actin core within the bristles was inhibited when depolymerization 
was blocked at the ‘barbed’ end (Guild et al., 2002). This was done through the use of 
jasplakinolide which acts to lower depolymerization and increase polymerization of actin 
subunits (Bubb et al., 1994; Bubb et al., 2000; Holzinger, 2009).  
Taken all together, the likely presence of G-actin localized to gaps in phalloidin 
stained guinea pig IHC stereocilia (Belyantseva et al, 2009) and the F-actin polymerization 
at the tips of mammalian stereocilia (Zhang et al., 2012; Narayanan et al., 2015; Drummond 
et al., 2015) and within the shaft of zebrafish stereocilia (Hwang et al., 2015), suggest a 
potential mechanism for the repair of the breaks we observed at the base of overstimulated 
stereocilia. The mechanical forces applied to the stereocilia, whether via fluid-jet in vitro 
110 
 
or noise exposure in vivo, tears apart submicron regions of the stressed F-actin. This leaves 
behind small fragments of F-actin which could either be reused in a modular fashion as 
described in Drosophila (Tilney et al., 1996) or depolymerized by ADF/cofilin which has 
enhanced activity in the presence of crosslinkers such as fascin (Breitsprecher et al., 2011) 
leaving behind G-actin. The appearance of breaks in these regions seems to favor the 
depolymerization of F-actin into G-actin as our use of tannic acid to stain F-actin would 
possibly show evidence of F-actin fragments if they were present. It is also supported by 
the fluorescent staining of DNase 1 in the gaps of noise exposed guinea pig IHC stereocilia 
(Belyantseva et al., 2009). If the G-actin in these gaps is not de novo G-actin, but rather G-
actin that had previously been a part of the now broken F-actin, reconstruction of the F-
actin with this G-actin would not be observable in studies looking for the incorporation of 
new actin. 
Another possible explanation for how this repair could occur without being 
observed as turnover comes from the location of the breaks at the base of the stereocilia; 
they were located an average of only 80 nm from the cuticular plate in our in vivo 
experiments. What is often not mentioned when referencing the studies showing actin 
turnover only at the tips of stereocilia is that turnover at the cuticular plate occurs at the 
same rate as anywhere else in the cell other than the stereocilia (Zhang et al., 2012; 
Narayanan et al., 2015; Drummond et al., 2015). It is a reasonable conjecture that the breaks 
are so close to the cuticular plate that their repair is indistinguishable from the high turnover 
seen at the cuticular plate. 
Finally, the most likely explanation is the simplest explanation. The studies of 
stereocilia actin turnover in mammalian hair cells limited their inquiry to undamaged 
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stereocilia; however, with no damaged F-actin requiring repair, no repair mechanisms were 
active (Zhang et al., 2012; Narayanan et al., 2015; Drummond et al., 2015). If this is correct 
then repair of the damaged F-actin in the stereocilia would likely either occur in a modular 
fashion with fragments of F-actin being connected together to form a full filament as 
described in Drosophila (Tilney et al., 1996) or in a straightforward actin treadmilling 
fashion as seen in Zebrafish (Hwang et al., 2015). In either case, the repair would involve 
the rapid turnover of crosslinking proteins which has already been described in healthy 
stereocilia (Roy and Perrin, 2018). If correct, the mammalian experiments which showed 
no F-actin turnover except at the tips of the stereocilia could be carried out in vitro with 
fluid-jet overstimulation of the bundles and observation of F-actin turnover during the 24 
hour period between damage and full repair.  
 
4.5 Does the supracuticular rootlet play a role in the repair of F-actin damage? 
With its densely packed collection of actin filaments, the rootlet is an integral 
component of stereocilia which anchors the stereocilia to the cuticular plate and provides 
a pivot point for bundle deflection (Tilney et al., 1980; Flock et al., 1977). Developmentally 
the cuticular rootlet forms first and the supracuticular rootlet appears later and. Except for 
TRIOBP-4, the known proteins associated with the F-actin of the cuticular rootlet are 
distinct from those associated with the F-actin of the supracuticular rootlet (Kitajiri et al., 
2010; Katsuno et al., 2019; Reviewed in Pacentine et al., 2020).  
Even in the youngest mice we used for our in vitro study, the cuticular rootlets were 
present in all of the bundles we stimulated but none of the stereocilia from our in vitro 
study had supracuticular rootlets. In contrast, the older mice in our in vivo experiments had 
112 
 
supracuticular rootlets which were proportional in size to the size of their stereocilia with 
the 3rd row still mostly lacking a supracuticular rootlet. It may be that the reason breaks 
were less prevalent in vivo is that the presence of the supracuticular rootlet provided a pivot 
point which relieved the mechanical stress experienced by the stereocilia actin core in vitro 
which did not have a supracuticular rootlet. In addition to the sliding of actin filaments 
within the core relative to one another (Tilney et al., 1983) the rootlet is capable of bending 
during deflections (Bathe et al., 2008). 
This would also explain why stereocilia displacement was more common, and 
larger, in vitro than in vivo. Without a supracuticular rootlet the mechanical stress at the 
base of the stereocilia could more easily displace the stereocilia from the cuticular rootlet. 
Additionally, when present, the displacements in vivo were limited to the 3rd row stereocilia 
which does not have a supracuticular rootlet to speak of suggesting that the presence of a 
larger supracuticular rootlet protects the stereocilia from overstimulation-induced 
displacement. 
The lack of a supracuticular rootlet may also explain why recovery occurred much 
more quickly in vitro than in vivo if the supracuticular rootlet is involved in repair. Three 
lines of evidence suggest that the supracuticular rootlet could be involved in the repair 
process. First, the recovery of the breaks in the F-actin were significantly faster in vitro at 
the age when the supracuticular rootlet is developing. Interestingly, the actin bundling 
protein TRIOBP-4 is localized to the supracuticular rootlet region of the stereocilia well 
before the supracuticular rootlet is actually formed (Katsuno et al., 2019). This suggests 
that the machinery for building the supracuticular rootlet is in place already and waiting 
for the signal to go to work. Second, although breaks in the F-actin were found in all 3 
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rows of IHC stereocilia in vivo only the breaks in the 3rd row were fully recovered within 
24 hours. In the 3rd row, the supracuticular rootlets are still undeveloped, leading to a 
recovery time similar to what we saw in the stereocilia in our in vitro experiments.  
Finally, it is in the non-transducing stereocilia of IHCs that we found the “hollow” 
supracuticular rootlets 24 hours after noise exposure. Recent evidence from our lab 
demonstrates that Ca2+ influx provides a stabilizing effect on the F-actin core of 
transducing stereocilia. When this normal Ca2+ influx is disrupted, the F-actin begins to 
depolymerize reducing the height of these stereocilia (Vélez-Ortega et al., 2017). If tension 
in the tip-link is disrupted in vivo (for example, after overstimulation), this process may act 
to restore tension to the tip-link thus restoring MET channel activity. Once the MET 
channels are again able to pass Ca2+ into the hair cell at rest, F-actin polymerization restores 
the transducing stereocilia to their normal height. In undamaged stereocilia this dynamic 
process of F-actin turnover appears to be limited to the tips of the stereocilia, but in 
damaged stereocilia it could extend further down the shaft to the location of damage. The 
1st row stereocilia, lacking MET channels, displays an insensitivity to reductions in Ca2+ 
influx through the MET channels of the transducing stereocilia and, in undamaged 
stereocilia, the region of F-actin turnover at the tips of stereocilia is smaller in the 1st row 
stereocilia than in the transducing stereocilia. This could suggest that F-actin turnover in 
the 1st row stereocilia, even in instances of damage repair, occurs on a different timescale 
than what is seen in transducing stereocilia. If, as we previously suggested, the “hollow” 
supracuticular rootlet seen in 1st row stereocilia 24 hours after noise exposure is a 
dismantling of the supracuticular rootlet which precedes its reconstruction, the different 
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rates of F-actin turnover in the transducing stereocilia could explain the lack of this 
“hollow” rootlet appearance in the 2nd row stereocilia.  
Further study of the development of the supracuticular rootlet and its possible role 
in repair is warranted. Observing the formation of the supracuticular rootlet at 
developmental stages between the ages of our in vitro and in vivo experiments may shed 
light on how the cross-linked F-actin of the core is reformed into the bundled actin of the 
supracuticular rootlet. Additionally, examining the damage from noise exposure at later 
timepoints more aligned with the recovery of threshold shifts could elucidate the rebuilding 
of the supracuticular rootlet in the 1st row stereocilia of IHCs. 
 
4.6 Final thoughts 
From the results of my dissertation research I can assert the following: 
1) I have demonstrated that mechanical stress from fluid-jet overstimulation in 
vitro generates breaks in the F-actin of stereocilia which cause a decrease 
in bundle stiffness. 
2) An unidentified mechanism exists in the otherwise static F-actin of the 
mouse stereocilia which repairs this mechanical damage within 24 hours 
thus restoring bundle stiffness. 
3) The F-actin at the base of stereocilia in young postnatal mice is more 
susceptible to damage from mechanical stress than in adolescent mice 
possibly due to the lack of a developed supracuticular rootlet. 
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4) The damage to the F-actin of stereocilia from in vitro overstimulation 
appears to share a translational component to moderate noise exposure 
causing temporary hearing loss. 
5) Repair of this noise-induced damage occurs as a component of the 
restoration of hearing thresholds. 
6) The process for repairing damage to the F-actin of stereocilia following 
moderate acoustic insult requires more time than what was observed in vitro 
and may involve remodeling of the supracuticular rootlet. 
 
The results of this study are, to the best of our knowledge, a novel addition to 
the scholarship in our field and reveals the existence of an uncharacterized 
repair process at the base of mammalian auditory stereocilia. 
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